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VIBRATION  TESTING 


ADVANCES  IN  NUMEROLOGY 

J.  P.  S.iUur 

Royal  Armaments  Research  and  Development  Establishment 
Fort  Halstead,  Sevenoaks,  Kent,  England 


The  fundamental  basis  of  vibration  testing  is  discussed,  with  particular 
emphasis  on  the  arbitrary  and  misleading  nature  of  specifications,  the 
difficulty  of  generating  and  measuring  test  forces,  and  the  errors  result¬ 
ing  from  an  attempt  to  attain  consistency.  The  realities  of  shock  and 
vibration  are  untidy,  complex,  and  incommensurable.  In  the  author's 
view  the  attempt  to  use  precise,  defined  numerical  values  to  represent 
these  realities  is  itself  unrealistic.  The  use  of  simpler  and  more  em¬ 
pirical  techniques  is  urged,  and  two  simple  examples  are  given. 


It  is  an  easy  and  fatal  step  to  think  that 
the  accuracy  of  our  arithmetic  is  equiv¬ 
alent  te  tiie  accuracy  of  our  knowledge 
-bout  the  subject  in  hand.  We  suffer 
from  "delusions  of  accuracy.”  Once 
an  enthusiast  gets  this  disease,  he  and 
all  who  depend  on  his  conclusions  are 
damned.- M.  J.  Moroney,  "Facts  from 
Figures" 

Immaturity  —  whether  in  tribal  develop¬ 
ment,  in  the  human  individual,  or  in  a 
form  of  art  or  science  —  is  character¬ 
ized  by  an  unwillingness:  to  face  up  to 
the  complexity  of  reality,  and  by  an  in¬ 
sistence  on  simplification  which  degen¬ 
erates  on  occasion  into  an  escape  into 
the  realms  of  magic  and  of  fantasy. 

—  Retlaski 

It  may  be  questioned  whether  quotations 
such  as  these  have  any  place  in  a  technical  bul¬ 
letin  devoted  to  shock  and  vibration  in  the  year 
1967.  Nevertheless,  the  implications  will  be 
quite  obvious  to  individuals  actively  engaged  in 
the  "art  or  science"  of  shock  testing  or  vibra¬ 
tion  testing.  Little  is  to  be  lost,  and  much  may 
be  gained,  by  considering  whether  they  are 
justified. 

Our  field  of  work  is  a  difficult  and  some¬ 
what  untidy  one.  Do  we.  in  fact,  tend  to  turn 
our  backs  on  the  complexity  of  the  reality  and 
escape  into  a  world  of  make-believe?  Are  we 
exercising  mature  judgement,  or  are  we  play¬ 
ing  v.'th  our  numeric  bricks,  when  we  argue 
whether  0.1  g-'/eps  is  better  than  10  g,  whether 


0-msec  pulses  of  40  =  can  be  swapped  for  50- 
msec  pulses  of  10  g,  and  whether  the  specified 
acceleration  level  should  be  maintained  to 
within  1  percent  or  10  percent? 

NUMERICAL  EQUIVALENCE 

Few  will  deny  that  we  have  become  some¬ 
what  obsessed  with  purely  numerical  accuracy 
in  a  field  where  our  basic  understanding  is 
somewhat  limited.  An  analogy  from  the  world 
of  commerce  may  help  to  put  the  matter  in  bet¬ 
ter  perspective.  The  development  of  interna¬ 
tional  currencies  has  made  it  possi1  ■  .•  -  us  to 
define  a  precise  numerical  equivalent  tin  units 
of  dollars  and  rupees)  between  the  reality  of  a 
silo  of  grain  in  the  United  States  and  the  realitv 
of  a  masterpiece  of  oriental  silverware  in 
Benares,  India.  Yet  the  equivalence  is  purely 
notional.  It  is  in  terms  of  a  single  concept  — 
monetary  value  —  which  ignores  countless  other 
facets  of  the  two  realities,  Neither  the  stomach 
of  the  silversmith  nor  the  aesthetic  senses  ol 
the  connoisseur  would  accept  the  suggestion 
that  there  was  any  equivalence. 

In  much  the  same  way,  the  development  ol 
the  ubiquitous  accelerometer  has  cranled  us  to 
pustulate  a  numerical  equivalence  (in  units  ol 
g)  between  a  laboratory  shock  test  and  a  ride 
as  cargo  in  the  back  of  a  truck,  or  between  a 
vibration  lest  and  a  ride  in  a  guided  missile. 

But  again  the  equivalence  in  each  case  relates 
to  a  single  fact  of  the  two  realities:  the  ac¬ 
celeration  ol  a  single  point  in  a  single  dimen¬ 
sion.  11  we  propose  to  disregard  all  the  other 
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features  which  ''ntribule  to  a  true  equiva¬ 
lence  —  all  those,  in  fact,  to  which  we  cannot 
ascribe  simple  numerical  values  —  is  not  our 
preoccupation  with  accuracy  a  little  intemperate  ? 

TIDYING  UP  THE  REALITY 

To  some  of  us,  the  oblique  reference  to 
tribal  ritual  touches  on  a  raw  spot.  It  has  be¬ 
come  completely  taboo  for  %  test  agency  to 
permit  a  node  to  develop  at  the  attachment 
points  of  an  article  undergoing  a  vibration 
test.  It  is  a  salutary  exercise  to  look  back 
and  try  to  discover  why. 

The  thought  processes  which  have  led  us  to 
this  decision  are  quite  logical  — up  to  a  point. 

Our  accelerometers  have  enabled  us  to  measure 
the  motion  at  countless  locations  on  countless 
articles  forming  part  of  countless  vibrating  sys¬ 
tems.  Our  wave  analyzers  and  x-y  plotters 
have  presented  the  information  as  curves  of 
acceleration  amplitude  plotted  against  frequency, 
each  curve  relating  to  just  one  of  the  myriad 
combinations.  On  each  curve,  one  or  two  prom¬ 
inent  peaks  have  borne  witness  to  a  high  level  of 
acceleration  at  the  frequencies  of  system  1380- 
nance.  On  each  curve,  one  or  two  distinctive 
troughs  have  done  their  best  to  remind  us  that, 
no  matter  what  point  within  ?  flexing  structure 
we  may  care  to  select,  there  will  always  be  one 
or  more  spot  frequencies  at  which  the  point  will 
coincide  with  a  motional  node.  Understandably, 
we  have  found  the  reality  complex  and  intracta¬ 
ble,  even  in  terms  of  motion  in  a  single  direc  ¬ 
tion.  With  a  sense  of  relief,  we  have  recollected 
that  it  is  the  high  levels  of  acceleration,  repre¬ 
sented  by  the  resonant  peaks,  that  cause  the 
structural  failures.  So  we  have  concentrated 
our  attention  on  the  peaks,  and  swept  the  re¬ 
mainder  of  our  hard-won  information  under  the 
carpet  —  out  of  sight  and  out  of  mind. 

It  n.ow  takes  no  more  than  a  pencil  line  to 
envelop  the  peaks  of  as  many  curves  as  we  may 
care  to  superimpose;  we  can  even  rule  in  an  en¬ 
velope  i  .closing  a  number  oi  envelopes.  We 
are  new  in  possession  of  a  number,  a  simple 
unit  of  international  intelligence.  With  this 
number  we  can  indicate  the  worst  level  ol  vi¬ 
bration  likely  to  exist  at  any  point  in  a  variety 
of  structures  under  conditions  of  mechanical 
resonance. 

At  this  stage  we  have,  admittedly,  tidied  up 
the  reality  very  extensively.  But  as  long  as  we 
can  keep  firmly  in  mind  that  the  level  of  accel¬ 
eration  indicated  by  the  envelope  — the  so-called 
"envelope  level"  —  is  appropriate  solely  to  anti- 
nodal  point.1,  in  structures  which  are  excited  at 


their  frequencies  of  mechanical  resonance,  we 
8 hail  be  keeping  some  grip  upon  reality.  But 
now  we  are  faced  with  a  further  problem:  that 
o l  devising  a  laboratory  test  to  establish  whether 
an  article  would  survive  the  kind  of  environment 
defined  by  the  envelope.  Is  it  at  tl  is  stage  that 
our  grip  on  reality  slackens,  and  we  begin  our 
retreat  into  a  world  ol  fantasy  ? 


THE  ONSET  OF  AMNESIA 

In  a  fit  of  absentmindedness,  which  a  psy¬ 
chologist  would  have  no  difficulty  explaining, 
we  conveniently  "forget”  that  our  original 
curves  displayed  troughs  as  well  as  peaks.  We 
conveniently  forget  that  lor  a  complete  system 
even  to  be  capable  of  resonance  there  must  be 
frequencies  at  which  sections  of  that  system 
become  anttresonant,  and  nodal  behavior  is  im¬ 
posed  at  their  boundaries.  We  conveniently 
forget  that  the  laws  of  dynamics  know  nothing 
of  the  existence  ui  subassemblies,  test  articles, 
and  attachment  points,  that  they  are  quite  obliv¬ 
ious  of  the  boundary  lines  between  the  units 
into  which  we  subdivide  a  system  for  the  pur¬ 
poses  of  contract  action  or  ease  of  manufacture; 
and  that  they  distribute  both  nodes  and  ant  modes 
throughout  a  structure  as  a  whole  witli  complete 
disregard  for  our  conventions. 

Protected  by  our  amnesia,  we  see  no  illog¬ 
icality  in  using  the  envelope  level  as  the  accel¬ 
eration  test  level.  Wc  see  nothing  unreasonable 
in  demanding  that  the  test  agency  generate  pre¬ 
cisely  that  level  ol  vibration  at  the  attachment 
points  of  an  article  at  all  frequencies  within  the 
test  band.  We  see  nothing  odd  in  transferring 
to  a  natural  nodal  point  a  level  of  vibration 
which  we  have  previously  accepted  as  appropri¬ 
ate  only  to  antinodal  points  in  a  system  at  reso¬ 
nance.  And  we  are  quite  content  to  blame  the 
designer  or  the  m  anufacturer  for  any  failure  of 
the  article  to  survive  such  treatment. 


UNREALITY  AUTOMATED 

In  retrosjH  1 1.  it  is  hard  to  deny  that  our 
approach  to  these  problems  has  been  just  a 
little  odd.  Can  we  boost  our  morale  by  pointing 
to  all  l lie  eifort  and  money  we  have  poured  into 
the  development  and  introduction  of  random- 
vibration  test  facilities?  This  work,  surely, 
has  made  a  genuine  contribution  to  the  realism 
of  our  test  methods.  So,  too,  have  out  recent 
proposals  that  shock  test  be  defined  in  terms  of 
shock  spectra  rather  than  of  pulse  shape.  Un¬ 
happily  lor  us,  any  attempt  to  argue  along  these 
lines  involves  lifting  the  edge  of  our  carpet  and 
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being  reminded  of  much  that  we  have  preferred 
to  forget. 

The  transposition  of  a  single,  measured 
shock  pulse  from  the  time  domain  to  the  fre¬ 
quency  domain  undoubtedly  helps  us  to  get  a 
clearer  appreciation  of  the  response  which  the 
shock  must  have  excited  in  the  remainder  nf  the 
structure  on  which  it  was  measured.  It  also  sig¬ 
nificantly  increases  the  precision  with  which  the 
severity  of  one  shock  pulse  can  be  compared 
with  the  severity  of  another.  But  if  the  raw  data 
have  already  been  generalized  by  means  of  an 
envelope-drawing  operation,  the  increased  pre¬ 
cision  with  which  the  resulting  test  shock  can  be 
defined,  and  (in  theory)  generated,  merely  in¬ 
creases  the  intrinsic  unreality  of  the  test.  We 
are  limiting  still  further  the  freedom  of  the 
test  article  to  influence  the  motion  at  its  attach¬ 
ment  points. 

Perhaps  we  owe  more  than  we  know  to  the 
rough-and-ready  methods  of  the  typical  test 
laboratory.  Perhaps  we  should  be  thankful  that 
it  is  still  possible  for  them  to  turn  a  blind  eye 
t )  the  significant  discrepancies  between  the 
r.hock  pulse  defined  in  the  specification  and  the 
shock  pulse  they  are  actually  administering. 

But  the  introduction  of  fully  automate 
equipment  for  the  control  of  spectral  density 
has  blocked  this  loophole  during  a  random- 
vibration  test.  Here,  it  matters  not  whether 
the  response  of  the  article  is  resonant  or  anti¬ 
resonant  at  any  particular  frequency;  the  elec¬ 
tronic  control  system  is  ever  alert  to  detect 
the  slightest  discrepancy  between  the  medicine 
prescribed  and  the  medicine  administered.  It 
carries  out  its  duties  conscientiously  —  and 
quite  ruthlessly. 


THE  PRICE  OF  CONSISTENCY 

In  trying  to  justify  our  actions,  we  soon 
find  ourselves  in  an  embarrassing  dilemma  —  a 
dilti.ima ,  irotik"SUy  tmetagh,  wf'tci  it  largely  A 
our  own  making.  We  have  long  poured  scorn 
upon  the  poor  ignorant  fellows  who  would  call 
fol  1ft-  Lt£i  l!  3  [A <<111-11. taT  foci  Ilww-  «•  •<!.,  i 
than  for  the  generation  of  a  specific  accelera¬ 
tion  waveform,  or  spectral  density.  "There’s 
no  consistency  of  test  between  one  test  machine 
and  another,"  we  have  pointed  out;  "haven't  our 
accelerometers  proved  it?  Haven't  we  all  heard 
of  the  manufacturer’s  product  which  was  ac¬ 
cepted  when  tested  on  one  machine  but  rejected 
when  tested  on  another?  By  insisting  upon  the 
generation  of  {.recisely  the  same  test  waveform 
by  all  test  agencies  we  are  at  least  achieving 
consistency  of  test." 


But  dare  we  use  this  argument  any  longer  ? 
Are  we  in  fact  even  generating  a  common  wave¬ 
form?  Could  it  be  that  that  fuli-bellied  rumble 
which  we  hear  in  our  test  laboratories  is  not, 
after  all,  1  gVcps  plus-or-minus  3  db  (pre¬ 
cisely),  but  is  merely  a  distant  echo  of  the 
sardonic  mirth  of  the  gods?  Are  we  only  now, 
in  1967,  realizing  that  it  is  one  thing  to  put  a 
tight  tolerance  upon  a  mathematical  abstraction 
(a  stroke  of  the  pen  will  suffice  to  do  that),  but 
quite  another  thing  to  devise  and  to  install 
throughout  the  land  a  practical  filter  system 
which  will  measure  the  true  spectral  density  at 
the  bottom  of  a  notch  to  within  even  30  db,  bear¬ 
ing  in  mind  that  the  fatigue  life  of  the  test  arti¬ 
cle  sets  a  limit  to  the  integrating  time  we  can 
tolerate,  and  that  the  national  purse  is  not.  after 
all.  bottomless? 

If  we  cannot  measure,  how  ran  we  stand¬ 
ardize?  If  we  cannot  standardize,  what  becomes 
of  our  consistency  of  test  ?  It  would  be  unkind 
to  break  in  upon  the  stunned  silence  that  has 
recently  descended  upon  a  certain  committee  of 
experts:  a  committee  that  has  been  attempting 
to  standardize  all  our  random-vibration  tests 
and  has  come  face  to  face  with  the  problem  of 
spectral  density  tolerances  —  and  has  now  done 
its  homework .... 

Looking  back,  we  can  aee  so  much  that  we 
have  sacrificed  upon  the  altar  of  “consistency." 
Time  and  again,  we  have  been  forced  to  com¬ 
promise  with  reality  — to  jettison  successive 
facets  of  the  truth  —  by  excluding  from  our  tests 
any  physical  effect  which  was  not  amenable  to 
numerical  definition  in  the  very  simplest  ol 
terms.  It  will  be  a  bitter  pill  to  swallow  if  we 
are  forced  to  admit  that  the  sacrifice  has  been 
in  vain  — that  we  have  not  even  achieved  con¬ 
sistency  of  test. 

WHOM  ARE  WE  FOOLING? 

Nevertheless,  the  time  has  come  for  us  to 
ask  ourselves,  quite  brutally,  whom  we  think 
*.■  Nfv  fooling.  We  ri’MP  In  too’ing  the  n; 
tomrr  —  the  ultimate  user  of  the  article.  \\« 
may  In  fooling  the  designer  ol  the  article,  nr 

numutacimvi'  Wi ■  may  nm  i<  IWiliue  out 
selves.  Bui  we  are  not  moling  the  artich  .  It 
knows  with  complete  certainty  that  the  physical 
experience  of  being  mated  with  the  shake  table 
is  quite  unlike  the  physical  ixpericiu-c  of  being 
mated  to  its  parent  assembly  over  the  years 
that  follow.  Its  reactions  in  each  case  are  per 
fectly  appropriate,  but  quite  different. 

An  increasing  number  of  skeptics,  quite 
unimpressed  by  our  skills  in  juggling  with  mini 
bers.  are  already  beginning  to  side  with  the 
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small  boy  in  Uu-  fairytale  who  pointed  out  that 
while  the  Emperor's  New  Clothes  might  be 
clearly  visible  to  the  eyes  of  those  mentally 
attuned  to  the  requirements  of  The  Establish¬ 
ment,  yet  they  appeared  to  him  to  give  little 
protection  to  the  user.  It  could  well  be  that  the 
time  is  not  far  off  when  the  distant  and  derisive 
mirth  of  the  gods  finds  a  human  echo  somewhat 
closer  at  hand —  and  at  our  expense.  Maybe  it 
is  not  just  by  chance  that  it  is  the  down-to- 
earth  marketing  organizations  which  have 
evolved  a  carton  for  the  sale  transport  and 
handling  of  the  domestic  egg  — a  carton  which 
for  cheapness,  simplicity,  and  effectiveness  is 
unequaled  by  anything  in  the  world  of  military 
packaging. 

If,  by  numerical  methods,  we  have  failed  to 
achieve  either  realism  or  consistency  of  test, 
then  maybe,  just  maybe,  we  ought  now  to  face 
up  to  the  fact  that  in  the  world  of  shock  and  vi¬ 
bration  the  reality  is  untidy,  is  complex,  is 
incommensurable. 


THE  INDIRECT  APPROACH 

Maybe  we  ought  to  spend  a  little  time  and 
money  reassessing  the  possibilities  of  those 
test  machines  which  our  fathers  had  to  use  lie- 
fore  the  advent  of  the  accelerometer;  the  ma¬ 
chines  which  produced  comparable  patterns  of 
failure  rather  than  comparable  levels  of  accel¬ 
eration;  the  machines  which,  without  benefit  of 
Fourier  or  Laplace,  could  yet  separate  the 
sheep  from  the  goats  by  generating  a  test  envi¬ 
ronment  which  was  every  bit  as  complex,  as 
untidy,  as  indescribable  as  those  found  in 
reality. 

A  suitably  located  carrot  is  all  that  is 
needed  to  excite  a  donkey's  back  into  realistic- 
motion.  As  a  practical  test  of  numerous  quali¬ 
ties  in  riders  of  all  shapes  and  sizes,  the  com¬ 
bination  is  both  simple  and  effective.  Here,  as 
is  often  the  case,  the  indirect  approach  is  the 
best  one.  If  we  would  be  content  to  adopt  a 
similarly  indirect  approach  to  our  problem  of 
environmental  testing  —  guilefully  stimulating 
nature,  rather  than  using  brute  force  —  we 
should  be  far  more  successful. 

Two  practical  examples  are  described 
below.  In  each  case  the  investment  of  money 
and  manpower  by  the  author's  establishment 
has  been  relatively  trilling,  yet  each  gives 
promise  of  significant  returns.  It  is  hoped 
that  the  brief  details  presented  will  be  suffi¬ 
cient  to  prompt  others  to  explore  similar 
methods. 


THE  BOUNCER 

The  first  example  concerns  what  we  are 
deliberately  caUing  a  "bounce"  test.  When 
articles  travel  as  cargo  in  the  back  of  a  truck, 
some  are  eager  to  bounce  on  the  floor  of  the 
truck,  others  are  most  reluctant  to  do  so 
Some  will  bounce  vigorously  upon  one  of  their 
sides,  but  remain  relatively  quiescent  when 
turned  onto  another.  In  determining  the  punish¬ 
ment  they  receive,  their  own  dynamic  charac¬ 
teristics  are  quite  as  important  as  the  basic 
motion  of  the  floor. 

As  reported  elsewhere  [lj  it  can  be  demon¬ 
strated  that  the  acceleration  pulses  experienced 
by  various  resiliently  packaged  articles  when 
bounced  upon  a  commercial  "transportation 
simulator"  correlate  very  satisfactorily  with 
the  pulses  experienced  when  the  selfsame  arti¬ 
cles  are  transported  as  cargo  in  a  truck  travers 
ing  a  rough  track.  This  particular  simulator 
("bouncer”)  comprises  merely  a  suitably  rein¬ 
forced  wooden  platform  mechanically  con¬ 
strained  to  execute  a  simple  form  of  quasi- 
sinuscidal  motion  at  an  amplitude  ot  around  1.5  g 

But  measurement  of  the  motion  of  a  single 
point  in  one  dimension  falls  far  short  of  defining 
the  damage  potential  of  either  environment.  It. 
tells  us  nothing  of  the  effects  of  intercargo 
jostling  and  hammering,  the  effects  of  multi¬ 
layer  loading,  the  spatial  distribution  of  damage 
within  a  package,  damage  to  hermetic  seals  and 
to  protective  finishes,  the  distortion  or  unlatch¬ 
ing  of  clip  fasteners,  or  the  lamentable  conse¬ 
quences  of  including  just  one  chisel-cornered 
item  in  the  cargo.  Recem  work,  therefore,  has 
been  oriented  toward  the  correlation  of  failure 
patterns,  embracing  as  many  as  possible  of  the 
modes  of  failure  listed  above. 

The  victims  have  comprised  a  number  of 
containers  each  holding  from  15  to  150  damage¬ 
able  items.  Some  of  ti  e  containers  have  been 
of  pressed-steel  construction  and  some  have 
been  of  wood.  Some  have  provided  a  degree  of 
resilient  cushioning  for  their  contents,  while 
others  have  allowed  considerable  freedom  for 
the  contents  to  rattle  between  unyielding 
surfaces. 

As  regards  the  contents,  an  overriding  re¬ 
quirement  has  been  that  they  should  be  readily 
available  in  large  numbers,  so  as  to  provide  a 
homogeneous  population  from  which  extensive 
samples  could  be  drawn  at  random.  Various 
forms  of  pharmaneutical  glassware  (ampoules, 
jars,  etc.),  domestic  light  bul’os,  and  a  simple 
form  of  commercial  "shock  indicator"  have 
provided  items  whose  mode  of  failure  would  be 
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catastrophic  rather  than  fatigue  induced.  Do¬ 
mestic  alarm  docks  have  provided  items  whose 
deterioration  would  tend  to  be  progressive 
rather  than  catastrophic. 

The  results  have  been  both  encouraging  and 
infuriating. 

They  have  been  encouraging  Ix-cause  of  the 
high  confidence  levels  at  which  statistically 
significant  correlation  between  the  two  environ¬ 
ments  has  been  demonstrated  for  various  failure 
patterns  and  various  combinations  of  containers, 
interior  furnishings,  and  contents. 

The  results  have  been  infuriating  because 
of  the  relentlessness  with  which  each  session 
on  the  test  track  has  hammered  home  afresh  the 
simple  lessons  learned  the  hard  way  by  any 
serviceman  who  has  ever  found  himself  a  help¬ 
less  item  of  human  cargo  in  the  back  of  a  mili¬ 
tary  truck:  that  there  is  a  severe  damage  gra¬ 
dient  along  the  length  of  the  truck;  that  the 
degree  of  abrasion  of  a  protective  coating  is 
closely  related  to  the  amount  of  sand  and  grit 
on  the  floor;  that  the  various  layers  of  cargo 
experience  quite  different  environments;  and 
that  in  the  final  analysis,  given  a  determined 
and  well-protected  driver,  a  robust  and  lightly 
laden  truck,  a  location  near  the  tailboard,  and 
the  ’  right"  combination  of  speed,  surface,  and 
suspension,  there  is  virtually  no  limit  to  the 
severity  of  the  punishment. 

In  short,  we  were  approaching  the  problem 
from  the  wrong  end.  We  were  seeking  an  an¬ 
swer  to  the  wrong  question.  Prompted  by  the 
natural  concern  of  the  potential  customer  that 
the  article  "survive  truck  transportation,"  we 
were  asking,  "Does  the  bouncer  produce  the 
same  damage,  and  the  same  patterns  of  failure, 
as  truck  transportation?'  —  as  if  the  term  "truck 
transportation"  had  .meaning. 

More  realistic  questions  would  have  been: 

Is  there  a  definable  range  of  truck  environments 
for  which  the  patterns  of  failure  correlate  ac¬ 
ceptably  with  those  produced  by  the  bouncer?; 
and,  Is  it  one  which  reasonable  parties  to  a  con¬ 
tract  —  producer  and  user  —  would  accept  as 
being  a  fair  lest  ol  a  well-designed  article? 

If  both  of  these  questions  can  be  answered 
ill  the  affirmative,  there  seems  little  reason  for 
a  bounce  test  failing  to  gain  wider  official  accept¬ 
ance.  Test  results  to  date  suggest  that  the  first 
qai. stlou  >.an  be  aftSWeiiJ  aft if  matively  with  con¬ 
siderable  confidence.  The  answer  to  the  second 
question  is  a  matter  of  personal  judgment:  the 
author ’s  verdict  would  fit-  aril  tn  oc  la  *eS 


that  this  view  would  find  widespread  acceptance 
if  authoritative  opinion  were  to  be  canvassed 


A  RANDOM- VIBRATION  TEST 

The  second  example  relates  to  the  devel¬ 
opment  of  a  simple  random-vibration  test  ir.  a 
form  which  would  make  it  practicable  to  set 
reasonable  tolerances  to  the  level  of  spectral 
density.  The  prototype  system  has  been  de¬ 
scribed  elsewhere  in  the  literature  1 2 j. 

The  carrot  in  this  case  is  a  randomly 
varying  force  whose  spectral  density  has  some 
simple  slope  (in  terms  of  decibels  per  octave' 
between  defined  frequency  limits.  The  force 
spectral  density  can  thus  be  established  with¬ 
out  uncertainty  by  a  conventional  wave  analyzer 
and  confirmed  by  cn  rms  measurement. 

The  donkey  is  a  multiresonant  structure 
whose  resonances  are  spaced  equally  at  close 
intervals  ol  frequency  and  whose  dynamic 
characteristics  can  be  reproduced  by  normal 
manufacturing  processes  and  verified  by  con¬ 
ventional  mobility  measurement  techniques. 

The  design  is  such  that  the  peaks  of  the  mobil¬ 
ity  curve  lie  along  an  easily  defined  line:  the 
application  of  a  sinusoidal  force  of  unit  ampli¬ 
tude  generates  a  rang-  of  resonant  peaks  to 
which  a  simple  envelope  can  be  ascribed. 

With  random  excitation,  the  combination  of 
a  random  force  of  known  spectral  texture  and 
intensity  with  a  structure  of  known  mobility 
results  in  a  motion  whose  spectral  density  can 
be  deduced  with  an  accuracy  far  greater  than 
that  achievable  by  direct  measurement  with 
conventional  equipment. 

The  test  thus  involves  three  major  depar¬ 
tures  from  generally  accepted  practice: 

1,  The  envelope  level  derived  from  field 
measurements  of  service  environments  is  no 
longer  used  as  the  test  level  itself;  it  provides 
a  common  yardstick  for  the  equating  of  test 
environment  and  service  environment. 

2.  The  article  to  be  tested  is  no  longer 
mated  to  a  surface  of  infinite  mechanical  im¬ 
pedance;  it  is  attached  to  a  mechanical  foster¬ 
parent  whose  impedance  is  of  the  same  order 
as  its  own  and  w;th  which  it  iorms  a  complete 
system  capable  of  natural  resonance  under  the 
influence  ol  a  very  r.iodest  force. 

S.  The  wtVifT <  uhAiuii  i a  iiv»  long,  i  to  Hi  1 
ated  directly,  nor  is  any  attempt  made  to  meas¬ 
ure  it  directly;  it  is  excited  by  the  application 

of  ?  K/.a w rt  for.  lo  ,«  k'.oWu  mi  uituTt  ■ 


/ 


» 


The  intriguing  feature  of  the  test  results  to 
date  has  been  the  remarkable  simplicity  of  colo¬ 
ration  of  the  random  force  that  has  sufficed  to 
reproduce  two  particular  classes  of  service  en¬ 
vironment:  that  relating  to  air  transport  in  gen¬ 
eral,  as  defined  by  an  overall  envelope  of  the 
type  depicted  in  a  recent  review  [3  j;  and  that 
defined  by  a  more  closely  tailored  envelope, 
such  as  would  normally  be  derived  from  a  fam¬ 
ily  of  spectral  density  curves  relating  to  a  spe¬ 
cific  missile.  As  yet  the  evidence  is  limited, 
and  any  association  of  ideas  may  be  quite  un¬ 
warranted;  but  if  we  recollect  that  vibration  of 
aerodynamic  origin  is  merely  the  outcome  of 
the  interaction  between  a  flexible  structure  and 
a  steady  stream  of  air,  it  would  not  be  too  sur¬ 
prising  if  the  relationship  between  the  required 
energy  and  frequency  followed  quite  asimple  law. 


SUMMARY 

In  short,  it  is  suggested  that  we  have 
unknowingly  become  dissociated  from  the 
realities  of  our  subject  and  have  got  caught 
up  in  a  circle  of  activity  of  considerable  in¬ 
tellectual  interest  but  of  little  relevance  to 
o-»  main  purpose.  A  conscious  effort  will 
be  necessary  If  we  are  to  break  out  of  this 
posture,  but  the  rewards  for  doing  so  are 
considerable. 

It  may  be  that  this  suggestion  is  un¬ 
warranted.  But  if  so,  it  is  high  time  that 
somebody  said  so  —  in  print  and  with  evi¬ 
dence  in  rebuttal. 
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INTERNAL  VIBRATION  OF  ELECTRONIC  EQUIPMENT 
RESULTING  FROM  ACOUSTIC  AND 
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The  many  mission  configurations  of  upper  stage  boosters  developed  by  l.MSC  have  reqiur« 
the  design,  development,  fabrication,  and  vibration  qualification  t  sting  of  many  pieces  of  elec¬ 
tronic  equipment.  To  improve  '.he  methods  and  criteria  for  designing  and  qualifying  this  equip¬ 
ment,  the  Research  and  Development  Division  of  Lockheed  Missiles  and  Span  Company  began 
empirical  studies  of  the  nature  o(  vibration  environments  existing  within  equipment. 

The  primary  objectives  of  the  studies  wen-:  (a)  to  determine  whether  estimati  1  vibration  re¬ 
sponses  within  equipment  during  flight  are  compatible  with  vibration  test  criteria  of  e  L  ct  runic 
piece  parts;  (b)  to  investigate  the  validity  01  shaker  excitation  techniques  in  Simula!  mg  flight- 
type  acoustically  induced  environments;  (c)  to  evaluate  the  effectiveness  of  visim  l.i-in  fabri¬ 
cation  materials  in  reducing  responses  withir,  equipment. 

The  first  phase  of  the  experimental  work  was  a  seres  of  reverberant  «  haniber  irou-tu  ti  sis 
conducted  on  a  60-in. -diameter  cylindrical  airframe  containing  internal  support  ■tr  utur.  with 
several  packages  of  electronic  equipment  attached  to  it.  This  equipment,  having  a  v.irn  ly  of 
packaging  designs,  was  extensively  instrumented  internally  and  externally  with  -pc »  nil  micro¬ 
miniature  vibration  transducers  to  measure  absolute  response  of  elements  within  the  pat  kag. 
and  also  to  obtain  transmissibility  data  between  internal  and  ext-rnul  package  i  nviroumi  ntx. 
Another  package  was  specially  fabricated  and  tested  to  compare  viscoelastic  vibration  attenu¬ 
ation  materials  with  existing  fabrication  materials. 

The  second  phase  of  the  experimental  work  was  conducted  using  shaker  cxcitatn.fi  tec  hm<|u«  - 
on  a  number  of  packages  evaluated  during  the  acoustic  test.  These  packages,  in  ir  am  n|.  d  as 
in  the  acoustic  test,  were  attached  to  rigid  fixtures  (as  they  would  normally  b  in  a  vil/i  if  mb 
qualification  test)  and  exposed  to  the  random-vibration  environments  measuri  cl  at  ihe  mounting 
interface  during  the  acoustic  te st .  Reduced  and  analyzed  data  from  one  sue  h  l ■■  t  i -  pr>  nti  <1. 

On  the  basis  of  these  experiments,  it  has  been  determined  that:  (a)  «hnker-iii'fuved  vibia'ion  ol 
equipment  produced  responses  of  elem  ent  s  within  equipment  from  2  to  1  0  t  him  ■  i in  ire  » ■  c  i  n 
than  those  produced  by  an  acoustically  induced  excitation  when  the  equipment  i-  m-t.ilb  d  oli 
launch  vehicle  structure;  (b)  environments  measured  within  equipment  diffc  r  m  inn  Inin 
those  used  in  qualification  tests  of  electronic  piece  parts,  such  as  elei  t  njjjjiu  g  re  In  n  I  iv;  ft) 
sparse  use  of  viccoelastic  materials  within  a  package  resulted  in  a  20  to  >S  peri  •  ill  I' ’  clue  lion 
of  vibrat  ion  transmis  sibil  it  ies,  as  measured  between  package  mount  s  and  internal  - 1  r  ic  t'.n  . 

The  results  of  this  prel  intina ;  y  work  indicate  that  existing  industry-wide  - 1 1 . « k  ■  r  vibi'iinui  t  •  -i 
t  erhniques  and  criteria  for  both  elect  ronic  package1  s  and  elect  runic  pine  pur'*  r<  i|i.  i  n  i  in  I ' .  I 
reevaluation,  and  that  development  of  improved  package  fabrication  methods  -.Viuld  .  .u,tm  n  . 


INTRODUCTION 

The  development  of  many  Lockheed  Mis¬ 
siles  and  Space  Company  (LMSC)  upper  stage- 
booster  configurations  has  resulted  in  the  de¬ 
sign,  development,  fabrication,  and  test  of 


many  pieces  of  packaged  electronic  equipment 
The  method  currently  in  use  at  LMSC.  and 
many  other  companies,  for  demonstrating  that 
this  equipment  will  survive  in-flight  environ¬ 
ments  consists  of  the  application  of  vibration 
excitation  by  means  of  electromagnetic  shake t 


Tin-  paper  was  not  presented  at  the  Symposium, 
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At  LMSC.  two  types  of  shaker  vibration  tests 
are  conducted  on  equipment.  First,  there  is 
the  qualification  test,  which  is  applied  to  a 
random  sample  from  a  production  batch  of 
equipment  to  verify  the  adequacy  of  the  basic 
package  design.  Levels  somewhat  in  excess  of 
those  expected  in  flight  are  used  in  this  test  to 
allow  for  the  fact  that  there  are  variations  of 
material  quality  and  workmanship  standards  in 
a  given  batch.  The  second  type  of  shaker  test 
conducted  at  LMSC  is  the  acceptance  test, 
which  is  performed  solely  to  detect  workman¬ 
ship  flaws  and  faulty  material  on  each  piece  of 
equipment  to  be  flown.  The  test  levels  used 
during  acceptance  testing  are  approximately 
one  half  of  those  used  in  qualification  testing. 

Equipment  malfunctions  have  occurred 
during  both  of  the  above  types  of  test,  resulting 
in  equipment  redesign  or  repair.  Lockheed 
Missiles  and  Space  Company's  Research  and 
Development  Division  has  embarked  upon  a 
study  to  define  the  nature  of  vibration  environ¬ 
ments  found  within  equipment  which  will  mini¬ 
mize  failures  during  qualification  and  accept¬ 
ance  testing  while  maintaining  or  increasing 
the  present  high  standard  of  LMSC  equipment 
flight  reliability.  The  primary  objectives  of 
the  study  are  as  follows: 

1.  To  investigate  the  validity  of  shaker 
excitation  techniques  in  simulating  in-flight 
acoustically  induced  vibration  environments. 

The  intent  in  this  phase  of  the  study  is  to  deter¬ 
mine  whether  shaker  tests,  as  presently  con¬ 
ducted,  produce  overstress  conditions  beyond 
those  considered  necessary  for  qualification 
purposes.  In  other  words,  LMSC  wants  to  be 
sure  that  flightworth>  equipment  is  not  being 
rejected  because  of  an  overly  severe  test. 

2.  To  determine  whether  the  character  and 
levels  of  vibration  responses  existing  within 
equipment  are  compatible  with  those  applied  to 
electronic  piece  parts,  such  as  electromagnetic 
relays,  during  qualification  and  acceptance  test¬ 
ing  of  these  devices. 

3.  To  evaluate  the  effectiveness  of  limited 
use  of  viscoelastic  fabrication  materials  in  re¬ 
ducing  responses  within  equipment. 

This  paper  presents  the  data  acquired  and 
the  conclusions  reached  thus  far  m  the  continu¬ 
ing  effort  to  improve  package  design,  fabrication, 
and  test  techniques. 


EXPERIMENTAL  WORK 
Acoustic  Tests 

Tile  purposes  in  conducting  the  acoustic 
tests  were: 

1.  To  survey  the  level  and  characteristics 
of  vibrations  existing  within  typical  electronic 
packages  when  they  are  attached  to  large  air¬ 
frame  structures  and  exposed  to  acoustic  en¬ 
vironments  similar  to  in-flight  conditions. 

2.  To  obtain  data  relating  vibration  levels 
at  the  package  external  mounting  points  to  the 
levels  existing  within  the  equipment,  in  an 
acoustic  environment.  This  data  would  later  bo 
compared  with  corresponding  information 
gathered  from  shaker  vibration  tests  on 
packages. 

3.  To  evaluate  the  effectiveness  of  sparsely 
used  viscoelastic  damped  package  fabrication 
materials  in  reducing  vibration  responses  of 
electronic  piece  parts,  such  as  electromagnetic 
relays. 

The  airframe  of  the  acoustic  test  specimen 
was  not  a  portion  of  an  actual  booster  airframe 
but  resembled  one  structurally.  It  consisted  of 
a  cylindrical  shell  5  ft  in  diameter  and  5  ft  in 
length,  having  a  skin  of  0.04-in.  gage  aluminum, 
which  was  stiffened  by  six  rings  and  six  longe¬ 
rons.  An  inner  truss  structure,  used  for 
equipment  support,  was  attached  to  the  outer 
shell  at  eight  locations.  Several  electronic 
packages,  which  have  been  used  in  various 
programs  and  which  represent  a  wide  variety 
of  design,  were  then  attached  to  these  truss 
members  by  means  of  intermediate  secondary 
structure  such  as  Z-shaped  members  or  suit¬ 
ably  stiffened  shelves.  (Figure  1  shows  the 
specimen  with  a  particular  set  of  equipment 
installed,  while  Figs.  2  through  5  illustrate  the 
packaging  designs  of  some  of  the  equipments 
surveyed.)  The  specimen  was  then  closed  off 
by  a  hemispherical  plug  at  one  end  and  an 
ogive-shaped  plug  at  the  other  end,  each  con¬ 
taining  sound  suppression  material. 

The  acoustic  tests  were  performed  in  a 
reverberant  chamber  (25  ft  long.  15  ft  wide,  and 
11  ft  high)  with  excitation  provided  by  two  Ling 
type  941$  4000-w  transducers  and  horns  which 
exhausted  into  a  common  exponential  horn. 

The  horn  exhaust  was  directed  into  a  corner  of 
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the  room,  producing  a  reverberant  field  there, 
with  the  specimen  suspended  from  the  ceiling 
using  "bungee”  cord  to  isolate  it  from  seismic 
vibrations  existing  in  the  room  walls  (see 
Fig.  6). 

The  instrumentation  for  the  iest  consisted  of 
Endevco  type  2220  and  Columbia  type  606  mini¬ 
ature  vibration  transducers  weighing  0.042  and 
0.028  oz,  respectively,  which  were  considered 
to  have  little  effect  on  the  dynamic  character¬ 
istics  of  the  structures  being  monitored.  Typi¬ 
cal  installations  of  this  instrumentation  attached 
to  package  mount  points  and  package  internal 
structure  are  shown  in  Figs.  2  through  5.  Four 
microphones  were  suspended  from  the  chamber 
ceiling  to  monitor  the  acoustic  environment  ex¬ 
ternal  to  the  specimen  shell  approximately  1  ft 
from  the  shell.  Two  microphones  were  in¬ 
stalled  within  the  cylindrical  shell  to  monitor 
internal  acoustic  excitation. 

The  acoustic  environment  measured  in  the 
chamber  during  the  test  is  shown  by  the  octave 


band  plot  in  Fig.  7.  with  the  environment  meas¬ 
ured  within  the  specimen.  Also  shown  in  Fig. 

7  is  the  maximum  external  acoustic  level  en¬ 
countered  by  a  vehicle  during  flight  which,  be¬ 
cause  of  power  limitations  of  the  excitation 
equipment,  it  was  not  possible  to  achieve  during 
test. 

The  experimental  package  which  was  built 
to  evaluate  the  effectiveness  of  viscoelastic 
materials  consists  of  a  relay  support  beam  and 
a  circuit  card  (Fig.  8).  This  package  is  not  in¬ 
tended  to  be  representative  of  a  superior  pack¬ 
age  design  but  is  merely  a  "test  rig"  on  which 
these  materials  can  be  evaluated  as  a  means  of 
reducing  vibration  responses.  An  initial  test 
was  conducted  with  the  relay  support  beam 
fabricated  from  plain  L-SPction  aluminum  and 
the  circuit  card  from  laminated  Fiberglas. 

Prior  to  the  second  test  run,  viscoelastic 
damped  L-shaped  beams  were  substituted  for 
the  plain  aluminum  beams  used  in  the  first  test, 
and  a  viscoelastic  damped  card  was  substituted 
for  the  Fiberglas  card. 


Fig.  4.  Instrumentation  within  package  3 
(cover  removed) 
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Fig.  5.  Instrumentation  within  package  4 


Fig.  6.  Specimen  installed  in  reverberant  chamber 


OCTAVE  BAND  CENTER  FREQUENCY  (CPS) 


Fig.  7.  Specimen  acoustic 
test  levels 


Acoustic  excitations  occurring  during  flight 
at  launch  and  at  transonic  and  supersonic  Mach 
numbers  differ  in  character  from  those  present 
in  a  reverberant  chamber.  For  example,  time 
and  spatial  correlations  of  these  various  fields 
differ:  the  extent  of  these  differences  is  being 
investigated  by  LMSC  and  other  organizations. 
However,  since  the  specimen  airframe  and  the 


package  samples  are  essentially  flight  hard¬ 
ware  and  since  the  fundamental  mechanism 
whereby  vibrations  are  acoustically  induced  in 
the  outer  shell  and  transmitted  to  packages,  the 
data  acquired  from  this  test  are  considered  tc 
be  worthy  of  evaluation. 


Shaker  Vibration  Tests 

The  principal  objective  of  these  tests  is  to 
compare  shaker -induced  internal  responses  of 
electronic  packages  with  those  measured  during 
the  acoustic  test.  In  this  manner,  the  validity 
of  the  shaker  test  as  a  means  of  simulatirg 
in-flight  acoustically  induced  environments  can 
be  examined.  Also,  further  testing  was  con¬ 
ducted  on  the  experimental  package  to  evaluate 
the  effectiveness  of  the  viscoelastic  materials. 

Package  samples  used  during  the  acoustic 
test  were  attached  to  rigid  fixtures  (having  no 
resonances  below  2000  tps)  as  they  normally 
are  during  qualification  and  acceptance  testing 
at  LMSC.  Excitation  control  accelerometers 
were  placed  on  the  fixture  at  locations  corre¬ 
sponding  to  those  where  vibration  measurements 
were  made  during  the  acoustic  test.  The  in¬ 
strumentation  installations  within  the  packages 
were  identical  to  those  used  during  the  acoustic 
tests.  The  lest  setup  for  the  shaker  tests  on 
one  sample  of  equipment  is  shown  in  Fig.  9. 
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g.  8.  Experimental  package  used 
evaluate  viscoelastic  materials 


Fig,  9.  installation  of  package  on  shaker 


The  excitation  applied  to  the  packages  by 
the  shaker  was  controlled  using  a  tape-recorded 
loop  of  vibrations  measured  on  the  packaged 
foundation  structure  during  the  acoustic  test. 

The  loop  was  played  into  the  shaker  power  am¬ 
plifier  system  and  the  amplifier  setting  ad¬ 
justed  until  the  overall  rms  g  level  achieved 
was  the  same  as  that  measured  during  the 
acoustic  test.  In  this  way,  PSD's  of  vibration 
applied  to  the  equipment  during  shaker  testing 
were  made  essentially  the  same  as  those  of 
vibrations  measured  during  the  acoustic  test. 
Sinusoidal  sweep  tests  were  performed  on  the 
experimental  package  used  to  evaluate  the 
viscoelastic  materials;  the  tests  were  conducted 
on  both  the  plain  sheet  metal  and  damped  con¬ 
figurations  using  a  level  of  :3  g  from  20  to 
2000  cps. 
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Fig.  10.  l  ypical  PSD  plot  of  vibra¬ 
tion  measured  within  package  during 
acoustic  test 


TEST  RESULTS 

Vibration  Environment  Within  Packages 

The  data  obtained  from  the  acoustic  test 
revealed  that  the  vibration  environment  present 
within  the  packages  surveyed  consisted  gener¬ 
ally  of  low-level  background  random  vibration, 
with  superimposed  concentrations  ("spikes") 
of  narrow -band  random  vibration,  as  shown  by 
the  typical  PSD  plot  in  Fig.  10. 


As  indicated  in  the  discussion  of  the  acous¬ 
tic  tests,  it  was  not  possible  to  achieve  excita¬ 
tion  levels  within  the  reverberant  chamber 
comparable  to  those  which  exist  external  to 
LMSC  vehicles  during  their  worst  missions. 
Therefore,  it  was  necessary  to  adjust  the  vi¬ 
bration  levels  measured  within  the  equipment 
in  accordance  with  the  difference  between 
acoustic  test  and  maximum  flight  environment. 
This  was  done  by  assuming  a  linear  relationship 
between  mean  square  SPL  and  mean  square 
vibration  levels.  Figure  11  is  the  PSD  plot  of 
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Kii».  11.  Typical  PSD  plot,  acu^ti-d 
•o  maximum  acoustic  flight  levr.'s 


the  above  typical  vibration  measurement,  ob¬ 
tained  during  the  acoustic  test,  projected  to 
maximum  flight  conditions.  Special  interest  is 
attached  to  the  rms  g  level  present  in  the  con¬ 
centrations  (spikes)  of  narrow-band  random 
vibrations  which  appeared  in  all  internal  pack¬ 
age  vibration  measurements;  Table  1  summa¬ 
rizes  the  significant  rms  g  levels  measured 
which  have  been  adjusted  to  maximum  antici¬ 
pated  flight  levels. 

Vibration  qualification  and  acceptance  test¬ 
ing  of  many  electronic  piece  parts,  such  as 
relays,  transistors,  diodes,  etc.,  consist  of 


either  a  sinusoidal  sweep  test  or  a  random- 
vibration  test  using  an  essentially  flat  spectrum 
For  example,  a  typical  specification  for  an 
electromagnetic  relay  calls  for  either  a  30-g 
sinusoidal  sweep  test  from  20  to  3000  cps  or  a 
random-vibration  test  defined  by  the  spectrum 
shape  0.2  g*’  cps  (20  -  400  cps)  and  0.4  g  2  cps 
(400  -  2000  cps). 

On  the  basis  of  the  appearance  and  levels 
of  vibration  observed  during  the  acoustic  test 
survey,  it  is  apparent  that  the  above  specifica¬ 
tion  is  inconsistent  with  the  environment  to 
which  electronic  piece  part  components  are 
exposed.  The  essentially  flat  broad-band 
random-vibration  specification  is  not  severe 
enough,  considering  that  a  severe  narrow-band 
excitation,  such  as  that  measured  during  the 
acoustic  tests,  may  coin-  ide  with  a  critical 
frequency  within  an  electronic  piece  part.  By 
contrast,  the  sinusoidal  sweep  test  appears  to 
be  much  too  severe  in  comparing  the  damage 
potential  of  a  30-g  sinusoidal  excitation  with, 
say,  55  g  rms  of  random-vibration  excitation, 
the  maximum  level  measured  during  the  acous¬ 
tic  test.  (The  30-g  sinusoidal  test  has  the  abil¬ 
ity  to  build  up  full  resonant  amplification  in  an 
element  of  a  component,  whereas  narrow-band 
random  excitation,  using  the  levels  measured, 
does  not.) 

A  more  realistic  method  for  qualification  ' 
and  acceptance  testing  of  piece  parts,  which  is 


TABLE  1 

Significant  rms  g  Levels  Observed  Within  Equipment 


~ 1 

Measurement 

Levels  Contained  in  PSD  Spikes 
(rms  g) 

Package 

Measured  in 
Acoustic  Test 

Maximum 
Projected 
Flight  Levels 

1 

36 

- — - - - — - - - - 

9  (450  -  500  cps) 

30 

1 

35 

10  (250  -  300  cps) 

26 

1 

35 

2.5  (750  -  800  cps) 

8.5 

2 

27 

10.5  (500  -  550  cps) 

35 

2 

25 

6.5  (350  -  400  cps) 

22 

3 

12 

15  (300  -  400  cps) 

34 

3 

13 

17  (600  -  750  cps) 

55 

3 

13 

4  (950  -  1050  cps) 

15 

3 

8 

4.2  (650  -  750  cps) 

14 

3 

11 

4.2  (650  -  800  cps) 

14 

4 

32 

7.5  (350  -  500  cps) 

25 

4 

30 

10  (750  -  850  cps) 

32 
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within  stale  of  the  art,  would  be  the  application 
of  sweeping  narrow-band  random  excitation. 
The  nature  and  level  of  such  a  test  is  beyond 
the  scope  of  this  paper  and  requires  further 
investigation. 


Package  Shaker  Test 

As  previously  discussed,  the  vibrations 
applied  to  a  package  by  the  shaker  were  con¬ 
trolled  in  such  a  way  that  the  PSD  of  the  vibra¬ 
tion  present  at  the  package-fixture  interface 
was  essentially  the  same  as  the  PSD  of  vibra¬ 
tion  measured  on  foundation  structure  of  that 
package  during  the  acoustic  test.  Power  spec¬ 
tral  density  plots  were  then  processed  from 
vibration  measurements  obtained  within  the 
package  from  both  the  shaker  test  and  the 
acoustic  test.  Curves  of  transfer  functions, 

H<  ),  were  then  plotted  relating  vibrations  ex¬ 
isting  at  a  package  mount  point  to  vibrations 
present  within  the  package.  Hr  )  is  given  by: 


nr  )  — 

r 

where  ;  is  the  PSD  of  vibration  measured 
within  the  package  and  -c  is  the  PSD  of  the  vi¬ 
bration  measured  at  tlie  package  external  mount 
point. 

Two  typical  curves,  obtained  from  shaker 
tests  on  package  2,  are  shown  in  Fig.  12.  It  is 
seen  that  the  shaker  tests  induce  responses  on 
structures  and  electronic  components  within 
the  package  significantly  higher  than  those  in¬ 
duced  by  the  acoustic  test.  The  value  of  Hr . ) 
for  the  shaker  test  at  350  cps,  the  resonant 
frequency  of  the  beam  structure  upon  which  the 
measurement  was  made,  is  in  one  case  4  times 
more  severe  and  in  another  case  10  times 
more  severe  than  corresponding  values  obtained 
from  the  acoustic  tests.  At  the  higher  fre¬ 
quencies,  the  differences  in  the  ability  of  the 
two  types  of  test  to  do  damage  becomes  larger, 
and  at  1200  cps,  the  resonant  frequency  of  a 
relay  on  its  local  mount,  the  value  of  H(  )  for 
shaker  test  is  40  to  100  times  more  severe 
than  in  the  acoustic  test. 

The  relative  severity  of  the  two  types  of 
test,  in  terms  of  induced  stresses,  will  be  ap¬ 
proximately  proportional  to  the  square  root  of 
H(  ).  Th<  efore,  this  package  was  subjected  to 
stress  levels  at  350  cps  during  shaker  testing 
from  2.0  to  3.3  times  more  severe  than  during 
the  acoustic  testing;  at  1200  cps  the  relative 
severity  of  the  two  tests  varied  from  6.3  to  10 
times. 


Fig.  12.  Transfer  functions  H(  )  for 
package  2  measured  in  acoustic  and 
shaker  tests 


Lockheed  is  continuing  analysis  of  data  ob¬ 
tained  from  similar  shaker  tests  conducted  on 
other  packages  to  verify  whether  the  data  trends 
uncovered  during  tests  on  this  one  package  ap¬ 
plied  generally  to  all  packages.  It  will  also 
investigate  the  reasons  for  the  differences  be¬ 
tween  the  two  types  of  test,  believed  to  be  prin¬ 
cipally  that  vibrations  at  all  package  mounting 
points  are  more  closely  correlated  than  in  an 
acoustically  induced  environment. 

The  investigation  performed  thus  far,  and 
other  considerations  which  are  beyond  the  scope 
of  this  paper,  has  led  LMSC  to  believe  that  the 
preferable  test  for  formal  qualification  and 
final  acceptance  testing  of  packages  is  an 
acoustic  test  conducted  on  the  entire  vehicle 
system.  In  this  way,  the  needless  rejection  of 
flightworthy  hardware  because  of  overtest 
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during  shaker  qualification  can  be  minimized. 
Even  more  important,  acoustic  tests  performed 
on  a  vehicle  system  as  an  acceptance  test  of  all 
vehicles  to  be  flown  will  minimize  the  danger 
of  shortening  service  life  of  the  package  and 
provide  for  better  simulation  of  flight  condi¬ 
tions.  Lockheed  is  presently  constructing  large 
acoustic  facilities,  capable  of  performing  both 
qualification  and  acceptance  testing  of  complete 
vehicle  systems. 


|  Evaluation  of  Viscoelastic  Materials 

i 

f  The  results  of  limited  acoustic  and  shaker 

tests  conducted  on  the  experimental  package 
i  reveal  that  very  sparse  use  of  viscoelastic 

materials  can  reduce  peak  responses  within 
;  packages  by  20  to  35  percent.  Figure  13  pre- 

;  sents  acoustic  test  data  which  compare  the 

'  PSD  of  a  typical  vibration  measurement  on  the 

relay  shelf,  fabricated  from  sheet  metal,  with 
I  the  corresponding  measurement  on  the  shelf 

fabricated  from  viscoelastic  damped  materials: 
the  overall  rms  g  is  reduced  from  35  to  27  g 
rms.  Similar  results  were  obtained  during  the 
sinusoidal  shaker  test  on  the  experimental 
t  package,  as  shown  in  Table  2,  which  compares 


resonani  amplification  (Q)  values  of  the  internal 
structures  for  the  sheet  metal  and  viscoelastic 
damped  configurations. 

It  was  hoped  that  limited  use  of  viscoelastic 
materials  would  substantially  reduce  environ¬ 
ments  to  which  electronic  piece  parts  are  ex¬ 
posed.  The  results  obtained  so  far  indicate 
that  the  response  reductions  achieved  were  far 
below  the  values  being  sought  to  justify  pro¬ 
curement  and  qualification  of  these  materials 
at  this  time.  More  liberal  use  of  these  mate¬ 
rials  within  a  given  package  will  likely  produce 
more  encouraging  results,  since  this  will  re¬ 
duce  the  large  resonant  amplifications  of 
structures  within  the  package  which  have  not 
been  treated  with  these  materials.  The  reso¬ 
nances  of  structures  adjacent  to  the  viscoelastic 
damped  structures  tested  are  believed  to  be  the 
reason  foi  the  disappointing  results  in  this  se¬ 
ries  of  tests.  More  liberal  use  of  these  mate¬ 
rials  results  in  a  weight  penalty  since  stiffness/ 
weight  ratios  of  these  materials  are  smaller 
than  for  conventional  structures.  This  factor 
will  have  to  be  weighed  against  the  reduction  of 
responses  achieved  and  the  rates  of  package 
failure,  when  more  realistic  package  tes.  e- 
quirements  are  implemented. 


Ki|?.  I  PSD  plot  ol  mr.iMi  r«  m«  nt  *■*  within 
rxpt  rimrnt.il  patkam,  "hn  t  mrt.ti  ro.ifig- 
ur.ilion  vs  chunprd  lonfign  ration 
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TABLE  2 

Results  of  Evaluation  of  Viscoelastic  Materials  Using  Shaker 


Q  Values  (Amplification  at  Resonance) 

Configuration 

Relay  Shelf 

Circuit  Card 

Meas. 

Meas. 

Meas. 

Meas. 

Meas. 

i 

2 

3 

5 

4 

Sheet  metal  structures 

35 

37 

40 

20 

50 

Viscoelastic  damped 
structures 

25 

28 

. 

26 

15 

40 

Percent  reduction 

35 

25 

35 

_ 

25 

20 

I  CONCLUSIONS  AND  SUMMARY 

The  results  of  a  survey  of  vibration  envi¬ 
ronments  existing  within  electronic  packages 
reveal  that  the  character  of  that  environment  is 
inconsistent  with  commonly  used  piece-part 
qualification  and  acceptance  test  criteria.  It  is 
proposed  that  a  new  method  for  testing  such 
components,  worthy  of  investigation,  is  the  use 
of  a  sweeping  narrow-band  random  test,  which 
is  within  state  of  the  art  and  existing  facility 
capability. 

The  internal  response  characteristics  of 
components  within  a  package  obtained  during 
shaker  testing  were  compared  with  correspond¬ 
ing  responses  measured  within  the  package  in¬ 
stalled  on  the  airframe,  which  was  exposed  to 
a  flight -like  acoustic  environment.  The  results 
j  indicated  that  the  shaker  test  induced  responses 

within  the  package  that  were  from  2  to  10  times 
more  severe  than  the  acoustic  test.  It  is  pro¬ 
posed  that  realistic  qualification  and  final  ac¬ 
ceptance  testing  of  packages  be  conducted  on  an 


airframe  with  an  acoustic  environment  applied. 
This  will  minimize  the  possibility  of  rejection 
of  flightworthy  hardware  because  of  overtest. 


Evaluation  of  sparsely  used  viscoelastic 
materials  in  package  internal  beam  structures 
and  circuit  cards,  as  a  means  of  reducing  in¬ 
ternal  vibration  responses,  reveals  that  reduc¬ 
tions  are  not  enough  to  justify  procurement  and 
qualification  of  these  materials  at  this  time. 
More  liberal  use  of  the  materials  throughout  a 
package  will  be  investigated  with  respect  to  in¬ 
herent  weight  penalty,  current  package  failure 
rate,  and  reduction  of  responses  achieved. 
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RANDOM-VIBRATION  RESPONSE  DATA  FOR 
ORBITING  GEOPHYSICAL  OBSERVATORY: 
FLIGHT,  ACOUSTIC,  AND  VIBRATION  TEST 


William  G.  El  sen 

NASA  Go  idard  Space  Flight  Ccrai-r 
Gi  cnbelt,  Maryland 


Random-vibration  response  data  for  the  Orbiting  Geophysical  Observatory  art  j  recently  avail¬ 
able  from  three  sources:  launch  phase  cf  fligM  spacecraft,  acoustic  test,  and  random- 
vibration  test.  A  study  was  made  to  determine  how  well  ground  tests  (acoustic  and  vibration) 
can  duplicate  the  actual  flight  random  en\  ronment,  and  how  well  a  random -vibration  test  ran 
simulate  an  acoustic  test.  Results  of  this  study  are  presented. 

Comparison  of  flight  response  and  accusti  test  response  indicates  that  below  300  Hz  the 
acoustic  test  was  conservative.  This  differ  nee  is  partially  explained  by  the  fact  that  the 
acoustic  test  levels  in  the  low-frequency  bands  were  higher  than  desired,  and  probably  re¬ 
sulted  from  ground  reflection  of  the  longer  wavelengths  associated  with  the  low -frequency 
acoustic  energy.  However,  above  300  Hz  th  data  show  that  the  acoustic  test  was  a  reasonable 
approximation  of  the  flight  environment.  Th.  data  were  digitized  and  a  '-mall  computer  pro¬ 
gram  was  developed  to  compare  the  two  test  responses.  The  program  produced  plot-  of  .  ver- 
age  PSD  vs  frequency  per  axis,  and  plots  of  average  PSD  vs  frequency  for  all  three  ,isr«  to¬ 
gether.  for  both  acoustic  and  vibration  data,  Standard  deviations  of  these  averages  arc  also 
plotted  on  the  same  graphs. 

Comparison  of  the  average  response  leve  ls  in  he  lateral  axes  shows  that  tin  vibration  te  st 
seems  to  do  a  fairly  good  job  of  simulating  ihe  acoustic  te  st  except  be  low  SO  Hz,  win  re-  the 
acoustic  test  response  was  excessively  high  bec  ause  of  ground  reflection.  In  ihe  longitudinal 
axis,  the  vibration  test  response  was  much  bight  r  than  the  acoustic  test  re  sponse  between  30 
and  700  Hz.  This  result  is  probably  caused  by  th?  fact  that  the  modes  ot  vibration  in  tin  longi¬ 
tudinal  axis  are  at  highe  r  frequencies  than  th'  lateral  mode  s  and  therefore  the  amount  of  iseil.  - 
tion  is  less. 

Conclusions  are  as  follows: 

(.  An  acoustic  test  can  produce  a  good  duplication  of  the  flight  environment  if  the  baste  input 
acoustic  spectrum  is  modified  to  compensate'  for  fac  ility  peculiaritie  s  and  unre  alistic  ho.nd.ery 
]  conditions. 

i.  A  random-vibration  test  can  be-  a  fairly  good  simulation  of  an  acoustic  te  st.  How  v.  r,  the  re 
are  other  drawbacks  of  a  vibration  te  st:  ene  rgy  transmission  _  iths  are-  unrealistic ■;  e-m-rgy  •- 
introduced  into  the-  spacecraft  only  one-  axi-  .it  a  time-;  and  to  ge  t  a  -uffte  n  ntly  high  lev  1  of  vi- 
hration  into  many  parts  of  the-  spare  craft,  it  is  ne  ce-ssary  to  input  a  constde  ruble  amount  of  e-n- 
i  ergy  at  the  base-  of  the  spacecraft. 

L The- re  fore,  an  acoustic  test  is  still  the-  best  simulation  of  tin-  random  .vibr.it  ion  portion  of  tin- 
flight  environment  and  should  be  performed  win  n  possible-  instead  of  a  r  iiieleim-vibr.it  ion  te  -t. 


INTRODUCTION 

Random -vibration  response  data  for  t  he 
Orbiting  Geophysical  Observatory  (OGO)  space¬ 
craft  are  presently  available  from  three  sources: 
launch  phase  of  flight  spacecraft,  acoustic  test, 
and  vibration  test. 


Launch  data  are  available  Irorn  two  OGO 
launches  (OGO- A  and  OGO-C)  and  include 
mean  squared  acceleration  density  plots  (or 
power  spectral  denstly.  PSD)  lrom  both  the 
ltliofl  portion  and  the  maximum  dynamic  pres 
sure  portion  (max  Q)  ol  Right.  The  acoustic 
test  data  (also  in  the  lor m  ol  PSD  plots)  come 
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Irani  the  acoustic  tost  of  the  OGO  structural 
model  spacecraft  conducted  at  the  Langley 
Rescan  h  Center.  Hampton.  Virginia.  The  vi¬ 
bration  test  data  (PSD  plots)  originate  from  a 
well-instrumented  random -vibration  test  of  the 
OGO  prototype  spacecraft  conducted  at  TRW 
Systems  Group.  Redondo  Beach.  California. 

The  existence  of  these  data  provided  an 
excellent  opportunity  for  a  comparison  study. 
This  study  attempts  to  determine  how  well 
ground  tests  (acoustic  and  vibration)  can  dupli¬ 
cate  the  actual  flight  random  environment  and 
how  well  a  randorn-vibration  test  can  simulate 
an  acoustic  test.  The  results  of  this  study  are 
presented  here. 


SOURCES  OF  DATA 

The  flight  data  for  this  study  were  obtained 
from  the  launches  of  OGO- A  and  OGO-C.  Each 
of  these  spacecraft  had  two  accelerometers 
mounted  on  the  spacecraft-Agena  adapter  (in¬ 
terstage)  just  underneath  the  separation  plane. 
In  each  case  one  of  the  accelerometera  was 
oriented  to  measure  longitudinal  acceleration 
(spacecraft  y  axis)  and  the  other  to  measure 
lateral  acceleration  (spacecraft  z  axis)  (Fig.  1). 
The  data  from  these  accelerometers  were 
telemetered  to  ground  receivers  during  the 
powered  portion  of  flight  and  recorded  on  tape 
as  an  acceleration  time  history.  From  this 
tape,  tape  loops  were  made  from  the  liftoff 
portion  and  the  maximum  dynamic  pressure 


max  Q  portion  of  flight.  Then  a  plot  of  PSD 
vs  frequency  was  obtained  by  analysis  from 
each  tape  loop. 

The  acoustic  data  used  for  this  study  came 
from  an  acoustic  test  of  the  OGO  structural 
model  spacecraft  conducted  at  Langley  Research 
Center  [  1 1.  This  test  was  well  instrumented, 
with  41  accelerometers  mounted  throughout  the 
entire  spacecraft  at  the  following  locations  for 
each  of  the  x,  y,  and  z  axes: 

1.  Bottom  corner  of  spacecraft  box 

2.  Top  corner  of  spacecraft  box 

3.  Solar  array  —  hinge  top  corner 

4.  Upper  +Z  experiment  panel 

5.  Lower  +Z  experiment  panel 

6.  Upper  -Z  experiment  panel 

7.  Lower  -Z  experiment  panel 

3.  Base  of  orbital  plane  experiment  package 
1  box 

9.  Base  of  experiment  package 
(EP)  1  box 

10.  Base  of  EP-2  box 

11.  Base  of  EP-3  box 

12.  Base  of  EP-4  box 

13.  Base  of  EP-5  box 

14.  Base  of  EP-6  box  (x  and  z 
axes  only) 


Body- 
>  mounted 
experiments 


Boom- 
>-  mounted 
experiments 


Fig.  1.  Orbiting  Geophysical  Observatory  span  -,  raft 
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The  test  subjected  the  OGO  structural  model 
spacecraft  to  a  simulated  launch  acoustic  en¬ 
vironment  which  was  generated  by  the  exhaust 
of  the  Langley  9  by  6  ft  thermal  structures  wind 
tunnel.  Output  signals  from  the  accelerometers 
(responses)  were  recorded  on  magnetic  tape. 
Tape  loops  from  these  data  were  analyzed  in 
the  Data  Analysis  Laboratory,  and  PSD  vs  fre¬ 
quency  plots  were  generated. 

The  vibration  response  data  used  for  this 
study  were  obtained  from  a  random -vibration 
qualification  test  of  the  OGO  prototype  space¬ 
craft  conducted  at  TRW  Systems  Group.  This 
test  was  instrumented  with  accelerometers 
mounted  in  the  same  locations  as  those  for  the 
acoustic  test.  The  random  response  was  re¬ 
corded  on  magnetic  tape  from  which  tape  loops 
were  made,  and  PSD  vs  frequency  plots  were 
generated. 


COMPARISON  OF  DATA 

Some  general  trends  can  be  seen  from 
looking  at  the  PSD  plots  of  flight  response  and 
acoustic  test  response  (Figs.  2  through  5).  Be¬ 
low  about  400  Hz.  the  response  at  the  liftoff 
portion  of  flight  is  greater  than  the  response  at 
the  max  Q  portion  of  flight.  Above  400  Hz.  the 
reverse  is  true:  max  Q  response  is  greater 
than  liftoff  jsponse.  Below  about  300  Hz,  the 
response  .uring  the  acoustic  test  is  consider¬ 
ably  greater  than  the  response  during  flight 
excitation.  Above  300  Hz,  there  is  good  agree¬ 
ment  between  acoustic  test  response  and  the 
liftoff  portion  of  flight  response.  However, 
above  300  Hz.  the  respC:  io  during  the  max  Q 
portion  of  flight  is  slightly  greater  than  the 
response  during  acoustic  test.  Table  1  gives  a 
comparison  of  the  overall  spectrum  levels  at 
the  bottom  corner  of  the  spacecraft  box. 


Hr » 


Fij*.  Z.  Comparison  of  acoustic  test  and  0(10 -A  tiiubi:  /  axis 
(lateral),  bottom  corner  cf  spacec  raft  box,  PSD  vs  treqiancy 
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SQUARED  ACCELERATION  DENSlT 


5  iC  20  3C  <0  50  iOO  200  MO  400  500  1000  50C* 

fUQUtNCr  .H.i 


Fig.  5.  Comparison  o{  acoustic  test  and  OGO-C  flight:  y  axis 
(longitudinal),  bottom  corner  of  spacecraft  box,  PSD  vs  frequency 


TABLE  1 

Overall  Spectrum  Levels:  Flight  and  Acoustic  Test 


Level* 

(mis  g) 

Axis  of 
Measurement 

Acoustic 

Flight  Liftoff 

Flight  max  Q 

Test 

.  . . - 

OGO-A 

OGO-C 

OGO-A 

OGO-C 

' 

z  (lateral) 

2.2 

F  1-1  1" 

-  n 

2.1 

2.2 

y  (longitudinal) 

1.1 

1.2 

1.5 

1.9 

2.2 

'Bottom  corner  of  spat  re  raft  box. 


Responses  plotted  in  Figs.  2  through  5  in¬ 
dicate  that  below  300  Hz  the  acoustic  test  was 
conservative  in  comparison  to  the  actual  Right 
environment.  This  difference  is  partially  ex¬ 
plained  by  the  fact  that  the  acoustic  test  levels 
in  the  low-frequency  bands  were  higher  than 
desired  1 1 !-  and  probably  resulted  from  ground 
reflection  ol  the  longer  wavelengths  associated 
with  the  low-frequency  acoustic  energy'.  How¬ 
ever.  above  300  Hz  the  dat a  show  that  the 
acoustic  test  was  a  reasonable  approximation 
ol  the  flight  environment. 


A  comparison  ol  the  vibration  test  level 
with  the  acoustic  test  response  at  the  bottom 
corner  of  the  spacecraft  box  (Figs.  6.  7.  8) 
shows  that  the  vibration  level  is  much  more 
severe  than  the  acoustically  induced  level. 

This  tinding  is  attributed  to  the  tact  that  this 
point,  near  the  adapter-spaceeratt  interlace 
(separation  plane),  was  the  control  point  lor  the 
vibration  test,  and  the  spectrum  in  the  ligures 
is  the  actual  input. 
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Fig.  8.  Comparison  of  acoustic  test  and  vibration  test-  i  axis, 
bottom  corner  of  spacecraft  box,  PSD  vs  frequency 


The  acoustic  test  response  data  and  the 
random-vibration  test  response  data  (or  the  41 
measurement  points  on  the  spacecraft  were 
plotted  on  common  coordinates  for  comparison. 
In  examining  these  data,  it  was  difficult  to  form 
an  opinion  as  to  how  the  acoustic  and  vibration 
responses  compare  since  there  is  so  much  var¬ 
iance  between  points  on  the  spacecraft.  In  an 
attempt  to  clarify  this  area  of  comparison,  it 
was  decided  to  digitize  the  data  and  obtain  av¬ 
erage  PSD  levels  vs  frequency.  Therefore,  all 
the  analog  plots  of  PSD  vs  frequency  from  the 
prototype  spacecraft  random-vibration  test  and 
the  structural  model  spacecraft  acoustic  test 
were  converted  to  tables  of  digital  data.  This 
was  done  by  choosing  48  frequency  points  in  the 
test  band  between  10  and  2000  Hz  and  listing 
the  PSD  level  at  each  frequency.  These  data 
were  entered  into  punch  cards  for  use  in  a  dig¬ 
ital  computer  program.  The  data  cards  were 
read  ard  processed  on  the  CDC  3100  computer. 
Plot  tapes  generated  by  this  computer  are 
plotted  on  the  165  Calcomp  digital  incremental 
plotter  by  a  smaller  computer,  the  CDC  160-A. 

The  computer  program  was  set  up  io  pro¬ 
vide  several  types  of  plotted  data:  plots  of  av¬ 
erage  PSD  vs  frequency  for  each  axis  and  plots 
of  average  PSD  vs  frequency  for  all  three  axes 
together,  for  both  acoustic  and  vibration  data. 


Standard  deviation  of  these  averages  has  also 
been  plotted  on  the  same  graphs  by  plotting  the 
average  plus  the  standard  deviation  and  the  av¬ 
erage  minus  the  standard  deviation  (see  Figs. 

9  through  20). 

Figures  21.  22.  and  23  present  comparisons 
of  the  acoustic  test  average  PSD  curve  and  the 
vibration  test  average  PSD  curve  for  each  of 
the  three  axes  of  measurement  (x.  z.  y).  Fig¬ 
ure  24  presents  a  comparison  of  the  acoustic 
test  average  PSD  curve  and  the  vibration  test 
average  PSD  curve  for  all  measurements 
(three  axes). 

It  should  be  noted  that  the  random-vibration 
test  responses  presented  here  were  obtained 
from  a  qualification  level  vibration  test  which 
was  intended  to  be  more  severe  than  flight  lev¬ 
els  (50  percent  greater  overall  level  and  125 
percent  greater  acceleration  density  levels). 
Therefore,  in  order  to  compare  them  with  the 
acoustic  test  responses  which  were  produced 
by  a  simulated  launch  environment,  the  vibra¬ 
tion  response  curves  (PSD  levels)  in  Figs.  21 
through  24  have  been  corrected  by  reducing  the 
measured  values  by  a  factor  of  4  9.  The  shaded 
area  on  these  four  figures  denotes  the  :3-db 
tolerance  allowed  by  specification  in  random- 
vibration  testing  [21. 
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Fig.  19.  Vibration  test:  z-axis  average, 
PSD  vs  frequency  with  standard  deviation 
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Fig.  20.  Vibration  test:  th^ec-axis  average, 
PSI)  vs  frequency  with  standard  deviation 


MEAN  SQUARED  ACCELERATION  DENSITY  iG^  Hit 


Ml  AM  ^OUAHIP  ACC  f  KKATlON  DCNUTV 


FREQUENCY  [Hr) 


ZZ.  Comparison  of  acoustic  tost  and  vibration  test: 
z-axis  avt  rage,  PSD  vs  frequency 
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Fig.  1 3.  Comparison  of  acoustic  test  and  vibration  test: 
y-axis  average,  PSD  vs  frequency 


In  both  the  x-axis  and  z-axis  plots  (Figs. 

21  and  22),  ii  can  be  seen  that,  in  the  frequency 
band  from  15  to  50  Hz  (approximately),  the 
acoustic  test  response  is  much  higher  than  the 
vibration  test  response.  For  the  remaining 
frequency  band  (50  to  2000  Hz),  the  two  re¬ 
sponses  are  fairly  close.  In  contrast  to  the  x- 
and  z-axis  comparisons,  the  y-axis  (longitudi¬ 
nal)  comparison  plot  (Fig.  23)  shows  a  different 
trend.  In  the  frequency  band  from  approxi¬ 
mately  50  to  700  Hz,  the  vibration  response  is 
considerably  greater  than  the  acoustic  re¬ 
sponse.  The  agreement  in  the  15-  to  50-Hz 
band  is  much  better,  however,  than  occurred  in 
the  lateral  axes  (x  and  z).  The  acoustic  re¬ 
sponse  between  15  and  30  Hz  still  exceeds  the 
vibration  response,  but  not  by  nearly  as  great 


a  margin  as  occurred  in  this  frequency  band  in 
the  lateral  axes.  In  the  triaxial  plot  (Fig.  24), 
the  acoustic  test  response  is  much  higher  than 
the  vibration  test  response  in  the  10  to  50  Hz 
frequency  band.  In  the  remainder  of  the  test 
band  (50  to  2000  Hz),  the  vibration  test  response 
agrees  fairly  well  with  the  acoustic  test 
response. 


RESULTS 

The  data  indicate  that  the  acoustic  test  was 
conservative  in  the  low-frequency  region  (be¬ 
low  300  Hz)  compared  to  the  actual  flight  levels. 
If  the  acoustic  test  levels  in  this  frequency  re¬ 
gion  had  been  reduced,  a  better  duplication  of 
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Fig.  24.  Comparison  of  acoustic  test  and  vibration  tc-t: 
three-axis  average,  PSD  vs  frequency 


the  flight  environment  would  have  been  obtained 
over  the  entire  frequency  range  of  significance. 
Therefore,  it  can  be  concluded  that  an  acoustic 
test  can  produce  a  good  duplication  of  the  flight 
environment  if  the  basic  input  acoustic  spec¬ 
trum  is  modified  to  compensate  for  the  anoma¬ 
lies  produced  by  the  particular  test  facility 
being  used. 

On  the  other  hand,  the  simulation  of  an 
acoustic  test  by  a  random-vibration  test  pre¬ 
sents  problems.  First,  the  energy  transmis¬ 
sion  paths  to  any  point  in  the  spacecraft  are 
significantly  different  between  acoustic  and 
vibration  tests.  In  an  acoustic  test  the  energy 
arriving  at  a  give  point  comes  through  two 
paths:  air  and  structure.  In  a  vibration  test. 


all  the  energy  is  structure  borne  and  it  is  in¬ 
troduced  into  the  spacecraft  at  one  location 
(base  of  the  spacecraft  box).  Furthermore,  in 
a  vibration  test,  the  energy  is  introduced  into 
the  spacecraft  only  one  axis  at  a  time  as  op- 
p'sed  to  the  somewhat  omnidirectional  acoustic 
field.  To  get  a  sufficiently  high  level  of  vibra¬ 
tion  into  many  parts  of  the  spacecraft,  it  is 
necessary  to  input  a  considerable  amount  of 
energy  at  the  base  of  the  spacecraft  in  a  vibra¬ 
tion  test.  (Structure,  of  course,  attenuates 
much  of  the  vibration,  especially  in  the  high- 
frequency  region.) 

Comparison  of  the  average  response  levels 
in  the  lateral  axes  (x  and  z)  shows  that  the  vi¬ 
bration  test  seems  to  do  a  fairly  good  job  of 
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simulating  ths  acoustic  test,  except  below  50 
Hz,  where  the  acoustic  test  response  was  exces¬ 
sively  high,  as  mentioned  above.  This  high  re¬ 
sponse  below  50  Hz  was  probably  caused  by  the 
long  wavelengths  of  the  low-frequency  energy 
being  reflected  from  the  ground  into  the  space¬ 
craft.  This  agrees  with  the  high,  out-of- 
specification.  measured  sound  pressure  levels 
in  the  20-  to  75-Hz  octave  band  [lj.  In  the  lon¬ 
gitudinal  axis  (y),  the  vibration  test  response  is 
excessive  between  50  and  700  Hz.  This  probably 
results  from  the  fact  that  the  modes  of  vibra¬ 
tion  in  the  longitudinal  axis  are  at  higher  fre¬ 
quencies  than  the  lateral  modes  and  therefore 
the  amount  of  isolation  is  less.  To  summarize, 
then,  the  specified  random-vibration  test  in  the 
present  general  Agena  test  specification  [2] 
produced  responses  that  compare  with  the 
acoustic  test  responses  as  follows: 

1.  Good  agreement  in  the  lateral  axes  at 
frequencies  over  50  Hz  (tolerance  is  t3  db  on 
PSD  input  levels  in  the  vibration  test  specifica¬ 
tion  [2]); 

2.  Poor  agreement  in  the  lateral  axes  at 
frequencies  under  50  Hz,  and  in  the  longitudinal 


axis  over  a  large  portion  of  the  frequency  range 
(50  to  700  Hz). 

CONCLUSION 

It  appears  that  a  random-vibration  test  can 
be  a  fairly  good  simulation  of  an  acoustic  test 
if  (as  in  this  case  of  OGO)  the  vibration  input 
levels  in  the  longitudinal  direction  of  test  were 
somewhat  less,  in  certain  frequency  bands,  than 
the  lateral  input  levels. 

However,  an  acoustic  test  is  still  the  best 
simulation  of  the  flight  (launch)  environment 
and  should  be  performed,  where  possible,  in¬ 
stead  of  a  random-vibration  test.  In  accordance 
with  this  belief,  our  present  philosophy  in  the 
Test  and  Evaluation  Division  at  the  Goddard 
Space  Flight  Center  is  to  make  use  of  the  acous¬ 
tic  test  capability  of  our  new  launch  phase 
simulator  and,  whenever  possible,  test  space¬ 
craft  acoustically  as  a  preferred  alternate  to 
random-vibration  testing  or  a  vibration  gener¬ 
ator.  The  Test  and  Evaluation  Division  is 
recommending  that  revisions  reflecting  this 
philosophy  be  made  in  the  general  test  specifi¬ 
cations  for  spacecraft  issued  by  the  Goddard 
Space  Flight  Center. 
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DISCUSSION 


Mr.  Parmenter  (Naval  Weapons  Center): 
Could  you  establish  stationarity  in  the  vibration 
data? 

Mr.  Elsen:  For  the  flight  response  we  have 
PSD's  from  both  liftoff  and  max  Q.  In  each  area 
the  data  were  locally  stationary  over  the  period 
for  which  we  analyzed  it.  It  isn't  really  sta¬ 
tionary  data,  strictly  speaking,  but  it  is  close 
enough  to  give  satisfactory  results  for  what  we 
were  doing. 

Dr.  Morrow  (LTV  Research  Center):  There 
is  no  such  thing  as  a  stationary  random  vibra¬ 
tion.  but  the  concept  is  stiil  a  useful  one. 

Mr.  Smith  (Martin-Marietta  Corp.):  I  am 
interested  in  the  manner  in  which  your  acoustic 
test  was  conducted 


Mr.  Elsen:  The  test  was  conducted  at 
Langley  in  a  9  by  6  ft  blowdown  tunnel  which 
generates  fairly  interesting  sound  fields  for 
test  purposes.  The  spacecraft  in  its  shroud  is 
set  on  a  truck  bed  on  an  isolated  mount  in  this 
sound  field  at  a  point  chosen  by  a  sound  pres¬ 
sure  level  survey.  It  was  oriented  to  give  an 
acoustic  input  spectrum  that  matched,  as  best 
we  could,  the  flight  spectrum.  A  report  of  this 
acoustic  test  on  the  overall  structural  model 
was  in  the  34th  Shock  and  Vibration  Bulletin. 

Mr.  Mustain  (Douglas  Space  Systems  Cen¬ 
ter):  Is  The  acoustic  test  specification  based  on 
liftoff  or  max  Q  ? 

Mr.  Elsen:  It  was  based  on  a  combination 

of  both. 
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Dr.  Morrow:  Generally  speaking,  you  indi 
cated  a  preference  for  the  acoustic  noise  test 
over  the  vibration  test.  The  example  that  you 
gave  was  a  spacecraft,  so  one  could  infer  that 
you  are  talking  only  about  spacecraft.  Is  this 


true  or  were  you  talking  about  everything  it, 
general? 

Mr.  Elser.:  I  was  talking  about  spacecraft. 


*  *  * 
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RANDOM-VIBRATION  TEST  LEVEL  CONTROL  USING  INPUT 
AND  TEST  ITEM  RESPONSE  SPECTRA 


A.  J.  Curtis  <md  J.  G.  Herrera 
Hughes  Aircraft  Company 
Culver  City,  California 


i  Testing  which  simulates  the  predicted  aircrafl  flight  vibration  environment  for  an  equip- 
]  ment  rack  or  assembly  made  up  of  a  number  of  black  boxes  plus  the  supporting  rack 
|  strui  lure  is  discussed.  The  rack  may  be  considered  an  extension  of  the  aircraft  struc- 
I  ture.  and  the  vibration  level  is  defined  at  the  attachment  points  of  the  individual  units  to 
the  rack,  and  possibly  at  the  attachments  of  the  rack  to  the  aircraft.  To  a  reasonable 
approximation,  the  center  frequencies  of  the  narrow-band  spikes  which  occur  at  unit 
attachment  points  are  defined  by  the  transmission  characteristics  of  the  loaded  rack 
structure.  Therefore  a  test  method  has  been  devised  in  which  the  control  of  the  vibra- 
j  tion  level  uses  both  the  input  spectrum,  defined  by  the  power  average  of  the  acceleration  ! 
at  the  assembly  attachment  points,  and  the  response  spectra,  measured  at  the  attachment  | 
points  of  the  individual  units.  The  maximum  input  spectrum  corresponds  to  the  pre¬ 
dicted  broad -band  random  vibration.  The  maximum  response,  averaged  over  the  appro¬ 
priate  narrow  frequency  band  and  measured  at  any  unit  attachment  point,  corresponds  to 
the  predicted  narrow-band  vibration,  which  is  also  an  extreme  value.  If,  with  the  maxi¬ 
mum  input,  the  maximum  response  is  exceeded  in  test,  the  input  is  reduced  in  the  cor¬ 
responding  frequency  band  to  limit  the  response  to  the  predicted  maximum  value.  How¬ 
ever,  a  minimum  input  spectrum  which  will  avoid  the  acceptance  of  a  poor  rack  structure 
may  also  be  defined. 

In  tms  way,  the  impedance  characteristics  of  the  equipment  are  empirically  accounted 
for  by  allowing  a  resonant  response  within  the  assembly  to  force  a  notch  in  the  spectrum 
at  the  attachment  points.  Similar  action  will  occur  in  the  aircraft  installation,  analogous 
to  the  operation  of  a  dynamic  vibration  absorber. 

The  method  of  implementing  an  assembly  test  using  input  and  response  control  is  also 
described.  Because  of  nonlinearities  of  response,  the  method  requires  an  iterative  pro¬ 
cedure  in  which  the  shaped  input  spectrum  is  refined  as  the  input  level  is  increased  in 
steps  up  to  the  maximum  level. 

The  use  of  hybrid  analog -digital  spectral  analyzer,  with  further  use  of  the  digital  portion 
for  computation  of  the  shaped  input  spectrum  for  each  iteration,  is  described.  The  re¬ 
sults  of  using  this  method  on  an  air-to-air  guided  missile  are  presented. 


INTRODUCTION 

Another  paper  j  1  j  describes  the  statistical 
prediction  of  the  aircraft  flight  vibration  envi¬ 
ronment,  for  a  given  flight  dynamic  pressure, 
at  the  attachment  points  of  an  individual  elec¬ 
tronic  unit,  i.e.,  black  box  It  was  shown  that 
the  environment  can  be  described  by  a  broad¬ 
band  random  vibration  with  approximately  con¬ 
stant  spectral  density,  plus  several  narrow-band 
random-vibration  spikes  superimposed.  While 
the  envelope  and  bandwidths  of  these  spikes  are 
predicted,  the  center  frequencies  of  the  spikes 
cannot  be  predicted  but  are  determined  by  the 
(unknown)  impedance  characteristics  of  the  air¬ 
craft  structure  and  the  equipment.  Figure  1, 
reproduced  from  Ref.  [1],  shows  the  predicted 


broad-band  basejevel  W(Kj)  and  the  envelope 
of  the  spikes  W(K ,  +  2.33  S, ),  with  simplified 
spectra  for  design  and  test  requirements  shown 
by  the  solid  line  and  hat  sections,  respectively. 

A  second  paper  ( 2 j  describes  the  use  of 
combined  broad-band  and  stepped  narrow-band 
random  vibration  for  design  verification  of  in¬ 
dividual  hard-mounted  units  or  black  boxes. 
Figure  2,  reproduced  from  Ref.  1 2 J ,  shows  the 
general  spectrum  employed;  Ref.  |2]  describes 
the  method  of  programming  the  narrow-band 
excitation  through  the  frequency  range  to  verify 
the  design  for  any  occurrence  of  the  center 
frequencies. 

The  present  paper,  completing  the  trilogy, 
is  concerned  with  the  method  of  testing  which 
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simulates  the  predicted  environment  for  larger 
test  items,  made  up  of  a  number  of  black  boxes 
and  classified  as  assemblies. 


DEFINITION  OF  ASSEMBLY 

To  differentiate  classes  of  test  items  re¬ 
quiring  different  methods  of  test  level  control, 
larger  test  Items,  such  as  an  equipment  rack 
containing  a  number  of  Individual  units  or  a 
complete  missile,  are  defined  as  assemblies. 
The  classification  of  a  test  Kem  as  an  assembly 
is  not  based  solely  on  the  weight  or  size  of  the 
test  object  but  rather  on  the  following  two  judg¬ 
ment  factors.  First,  as  shown  scuematically  in 
Fig.  3,  the  test  item  contains  a  number  of  units 
whose  attachment  points  to  the  supporting  rack 
or  structure  are  points  at  which  the  vibration 
environment  Is  predicted  by  the  method  of 
Ref.  [1].  Also,  these  unit  attachment  points  are 
removed  from  the  attr  .hment  points  of  the  as¬ 
sembly  to  the  test  fixture  at  which  the  test  level 
is  to  be  actively  controlled.  Of  course,  these 
latter  points  could  also  be  points  at  which  the 
environment  is  predicted  using  Ref.  [l].  Alter¬ 
natively,  an  Item  classified  as  an  assembly  in¬ 
cludes  a  number  of  points  at  which  accelerom¬ 
eters  would  logically  be  located  In  a  program 
to  measure  the  flight  vibration  environment  of 
the  equipment.  Thus  a  single  large  unit,  such 
as  an  antenna,  could  well  be  classified  as  an 
assembly.  Second,  the  test  item  is  such  that 
resonant  response  can  be  expected  to  "load 
down”  the  aircraft  structure  to  which  it  is  at¬ 
tached,  in  the  maimer  of  a  dynamic  vibration 
absorber  [3]. 

It  is  necessary  to  differentiate  between 
hard-mounted  and  vibration- isolated  assem¬ 
blies.  Only  hard-mounted  assembly  testing  is 
discussed  here. 


TEST  LEVEL  CONTROL  FOR 
ASSEMBLY  TEST 

In  developing  an  appropriate  method  for 
control  ol  the  test  level  ;or  an  assembly  test, 
it  is  Important  to  recall  that  the  maximum  or 
extreme  spectral  density  of  the  spikes  predicted 
in  Ref.  [1],  can  occur  at  any  frequency  but  will 
not  occur  at  every  frequency.  Nor  will  tne 
spectral  density  of  a  spike  necessarily  reach 
the  extreme  value.  Further,  the  frequency  res¬ 
olution  employed  for  test  levei  control  must  be 
consistent  with  the  frequency  resolution  em¬ 
ployed  in  the  prediction  method.  Thus,  for  con¬ 
sistency  with  Ref.  [1],  a  constant  10  percent 
bandwidth  analysis  is  required. 

Considering  a  hard-mounted  assembly  as 
represented  in  Fig.  3,  the  equipment  rack  iu 
which  the  units  are  mounted  may  be  considered 
as  an  extension  of  the  aircraft  structure. 
Therefore  the  dynamic  characteristics  of  the 
rack  approximately  define  the  center  frequen¬ 
cies  oi  the  spikes  (and  notches)  which  may  be 
observed  at  any  of  the  unit  attachment  points. 
Because  of  differences  in  impedance  character¬ 
istics  between  the  actual  installation  and  the 
vibration  t-st  fixture,  the  center  frequencies  of 
peak  responses  in  test  do  not  exactly  duplicate 
those  in  the  aircraft.  However,  the  theory  of 
d  'namic  abso  -bers  j3j  indicates  that  the  shifts 
! mould  be  minor.  Further,  this  approximation 
is  no  more  significant  than  in  traditional  meth¬ 
ods  of  test  control. 

Therefore,  if  random  vibration  at  the 
broad-band  level  of  Fig.  2  is  applied  to  the  as¬ 
sembly  attachment  points,  it  is  consistent  with 
the  prediction  method  to  limit  the  response 
spectral  density  at  any  unit  attachment  point, 
averaged  over  any  10  percent  bandwidth,  to  the 
value  of  the  spikes  in  Fig.  2.  This  is  achieved 


Fig.  3.  Scliemat  c  of  equipment  rack 
classified  as  an  assembly.  <  =  unit 
attachment  points  (typical)  —  response 
control  points.  *  -  assembly  attach¬ 
ment  points  —  input  control  points 


o  UNIT  ATTACHMENT  POINTS  (TrpiCAl) 
-RESPONSE  CONTROL  POINIS 
>  ASSEMBLY  ATTACHMENT  POIN'S 
-INPUT  CONTROL  POMS 
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by  reducing  the  broad-band  input  spectral  den¬ 
sity  in  the  narrow  frequency  band  correspond¬ 
ing  to  the  peak  in  a  response.  In  this  way  em¬ 
pirical  account  is  taken  of  the  impedance 
characteristics  of  the  assembly.  In  other 
words,  the  test  level  is  reduced  at  the  resonant 
frequencies  of  the  assembly,  where  the  actual 
environment  of  the  assembly  attachment  points 
exhibits  a  minimum  in  spectral  density  level. 
The  appropriate  degree  of  reduction  is  deter¬ 
mined  by  limiting  the  response  level  to  the 
maximum  level  which  >s  expected  in  flight. 

An  initial  reaction  to  the  above  method 
might  be  to  argue  that  the  method  merely  allows 
the  input  level  to  be  reduced  until  the  assembly 
can  "pass  the  test."  However,  upon  reflection, 
it  will  be  realized  that  the  reduction  of  input 
level  is  not  so  great  as  might  first  be  supposed. 
Since  the  bandwidth  over  which  the  response 
spectral  density  is  analyzed  remains  constant, 

10  percent  in  this  case,  the  reduction  in  input 
spectral  level  is  proportional  to  the  Increase  in 
the  Q  of  the  resonance  rather  than  to  QJ  as 
might  be  first  supposed.  THs  is  consistent  with 
the  operation  of  a  dynamic  absorber,  where  the 
extent  to  which  it  torces  a  node  at  the  lower 
mass  increases  as  the  Q  of  the  absorber  in¬ 
creases,  although  it  does  so  over  a  narrower 
frequency  bandwidth. 

In  some  cases,  it  may  be  desirable  to  set  a 
lower  limit  below  which  the  input  spectrum  may 
not  be  reduced.  From  the  data  used  in  Ref.  |1], 
it  was  observed  that  the  most  likeiy  spectral 
density  is  approximately  25  percent  of  the  mean 
spectral  density  W(K)  in  Fig.  1.  This  level  is 
suitable  for  use  as  the  minimum  input  level  to 
the  assembly. 

A  further  reaction  to  the  proposed  method 
might  be  to  argue  that  no  "extreme"  or  spike 
spectral  density  values  will  be  introduced  at  the 
assembly  attachment  points.  As  previously 
mentioned,  the  prediction  method  and  good  judg¬ 
ment  both  lead  to  the  expectation  of  the  occur¬ 
rence  of  extreme  values  at  those  locations. 

This,  of  course,  is  the  familiar  dilemma  of 
having  to  define  an  input  level  for  testing  on  the 
basis  of  measured  data  which  can  only  be  the 
response  at  a  point  on  a  dynamic  system. 

While  no  logical  method  jf  purposefully  in¬ 
troducing  spikes  at  these  points  has  been  de¬ 
veloped,  it  is  considered  that  the  simulation  and 
test  severity  are  not  significantly  degraded  by 
their  absence,  for  the  following  reasons.  First, 
a  spike  at  the  input  in  a  frequency  range  where 
the  assembly  responds  like  a  rigid  body  would 
probably  be  of  no  significance  from  a  damage 
aspect.  Second,  a  spike  at  the  input  when-  the 


assembly  responds  elastically  can  only  occur 
at  frequencies  other  than  the  resonant  frequen¬ 
cies  of  the  assembly,  i.e.,  in  frequency  bands 
of  low  impedance,  where  again  significant  dam¬ 
age  effects  are  unlikely.  Third,  any  test  Rem 
which  can  be  classified  as  an  assembly  will 
have  a  number  of  attachment  points  separated 
by  some  distance.  If  the  power  average  of  the 
accelerations  measured  at  the  attachment  points 
Is  controlled  to  the  Input  test  level,  then  varia¬ 
tions  between  the  levels  at  the  attachment  points 
caused  by  both  the  assembly  and  the  test  fixture 
dynamic  characteristics  are  permitted  to  occur 
naturally. 

The  specification  of  an  assembly  test  for 
an  assembly  for  which  Fig.  1  describes  the  en¬ 
vironment  is  shown  in  Fig.  4.  Control  of  the 
test  leve.  employs  both  the  input  and  the  test 
item  response  spectra. 


L.. 


MAXIMUM  RESPONSE 
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MAXIMUM  INPUT 


Jmnimum  input 

I - 

J 
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FREQUENCY,  Hz 


Fig.  4.  Typical  specification  for  input 
and  response  spectra  control 


IMPLEMENTATION  OF 
ASSEMBLY  TEST 

It  is  readily  apparent  that  implementation 
of  an  assembly  test  employing  control  of  the 
input  and  as  many  as  15  or  20  response  spectra 
is  neither  simple  nor  inexpensive.  On  the  other 
hand,  any  test  item  which  is  classified  as  an 
assembly  is  also  neither  simple  nor  inexpen¬ 
sive.  no  that  the  use  of  sophisticated  test  meth¬ 
ods  is  amply  justified. 

It  would  be  desirable  to  monitor  displays  of 
the  response  spectra  continuously  during  test 
to  adjust  the  input  spectrum  in  accordance  with 
the  requirements  of  Fig.  4.  However,  the  equip¬ 
ment  requirements,  e.g.,  as  many  spectral  ana¬ 
lyzers  as  response  spectra,  and  the  operational 
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complexity  from  a  human  (actors  standpoint 
make  such  an  approach  completely  Impractical. 
More  importantly,  however,  the  bandwidth  char¬ 
acteristics  ol  commercial  random- vibration 
equalization  systems  are  not  compatible  with 
the  required  bandwidth  characteristics.  In  the 
low-lrequency  region,  up  to  approximately  200 
Hz,  the  equalization  channels  are  too  broad, 
while  in  the  hlph-frequency  region  the  channels 
are  narrower  than  ne-'  ssary  and  must  be 
"ganged"  together  to  give  sufficient  bandwidth. 

In  view  of  these  factors,  it  is  necessary  to 
achieve  the  proper  test  levels  by  an  iterative 
process  as  follows: 

1.  After  Initial  equalization  has  been 
achieved  at  low  level,  e.g.,  10  db  down,  the  as¬ 
sembly  Is  vibrated  at  the  minimum  input  level  of 
Fig.  4  for  approximately  1  min,  l.e.,  enough 
time  to  record  data  for  spectral  analysis.  If  no 
minimum  level  Is  specified,  the  maximum  input 
level  reduced  by  an  agreed-upon  factor ,  say  10 
db,  Is  employed. 

2.  The  data  recorded  in  step  1  are  ana¬ 
lyzed,  and  the  required  shaped  input  spectrum 
is  computed. 

3.  After  equalization  at  low  level,  the 
shaped  spectrum  is  applied  to  the  assembly  for 
approximately  1  min  at  full  level. 

4.  The  data  from  step  3  are  analyzed,  and 
a  new  shaped  input  spectrum  is  computed. 

5.  Steps  3  and  4  are  repeated  until  a  satis¬ 
factory  Input  8p;ctn;m  is  achieved. 

The  necessity  for  employing  an  iterative  proc¬ 
ess  arises  from  the  need  to  start  at  low  level 
so  that  the  maximum  response  level  is  not  ex¬ 
ceeded,  coupled  with  the  effects  of  the  typical 
nonlinearities  in  the  system  which  modify  the 
frequency  response  characteristics  as  the  input 
level  is  Increased. 

For  consistency  with  the  derivation  of  the 
specified  test  levels,  the  spectral  analysis  in 
the  above  iteration  must  employ  a  constant  10 
percent  bandwidth.  However,  for  test  control 
with  commercial  equalizers,  the  input  spectrum 
must  be  defined  in  terms  of  and  controlled 
within  the  bandwidths  of  these  equalizers.  Fig¬ 
ure  5  illustrates,  on  a  logarithmic  frequency 
scale,  the  52  bandwidths  of  a  10  percent  comb 
filter  starting  at  20  Hz  and  the  bandwidths  of 
commercial  40-  and  80-  (actually  45  and  85) 


10*6  6«  15  «  >5  20  2* 

ASDE-40  2  J  «  5  »  T  « 

ASDE-60  2  3  «  »  6  7  8  ‘  10  H  IJ 

2  5  >0  .5  JO 

»»EOUE6f  7.  "I  »  lO 

10*  B»  25  30  35  40  45  49 

iS  15  I?  ’9  23  23  29  33  37  4i. 

4SDE-40  9  iO  n  <2  IO  to  to  t0  T0  tq  10  TO  to  to  to 

i«  it.  IS  20  72  24  26  32  36  40  »4 

13  i5  it  i9  21  75  29  33  37  41  45  53  61  69  77 
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Fig.  5.  Filter  bandwidths  of  10  percent  comb 
filter.  40-channel  and  80-channel  equalizers 


channel  equalizer  systems.  The  vertical  lines 
on  Fig.  5  are  drawn  at  the  crossover  frequen¬ 
cies  separating  adjacent  filter  channels.  A 
decision  must  now  be  made  regarding  which 
channel(s)  of  the  equalizer  system  is  (are;  con¬ 
trolled  by  which  channel(s)  of  the  analysis  sys¬ 
tem.  Table  1  lists  the  equalizer  channels  in 
numerical  order,  with  the  analysis  system 
channel  number  (s)  by  which  they  are  controlled. 

It  is  seen  that  at  the  low-frequency  end,  several 
analysis  system  channels  govern  a  single  equal¬ 
izer  channel,  with  the  converse  occurring  at  the 
high  end  of  the  spectrum. 

It  was  decided  that  where  several  analysis 
system  channels  governed  one  equalizer  channel 
the  minimum  of  the  computed  input  spectral 
densities  among  the  several  analysis  system 
channels  would  define  the  input  spectral  density 
for  the  corresponding  equalizer  channel.  This 
decision  creates  a  Icwer-than-desired  test  level 
on  each  side  of  the  notch  in  the  input.  However, 
this  is  considered  preferable  to  exceeding  the 
test  level  at  the  notch  in  the  input  which  corre¬ 
sponds  to  a  peak  in  a  response  spectrum  and 
then-lore  a  resonance  of  the  assembly. 

In  other  respects,  the  implementation  ol 
this  ty|ie  ol  test  is  identical  to  normal  random- 
vibration  tests  which  specify  a  shaped  input 
spectrum.  The  actual  control  signal  may  be 
lroni  a  single  accelerometer  or  from  a  "power - 
averaged"  signal  from  several  accelerometers. 
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TABLE  1 

Channel  Conversion  Table 


Equalizer 

Channel 

Number 


Controlling  Analysis 
System  Channel 
Number 


I  ror  For 

jASDE-80  ASDE-4Q 


1-5 
6-8 
9-11 
12-14 
14-16 
16,  17 

18,  19 

19,  20 
21,  22 
22,  23 

24,  25 

25,  26 

27 

28 
29 


1-5 
6-8 
9-11 
12-14 
14-17 
18-21 
22-25 
25-27 
28,  29 
29-31 
31,  32 
33 


-o.nti  oiling  Analysis 

Equalizer  System  Channel 
Channel  Number 

Number  ~~  — - - 

j  For  For 

I ASDE-80  ASDE-40 


17 

1  30  1 

37 

'  43 

18 

30,  31 

38 

j  44 

19 

31  i 

i 

38,  39 

i 

|  45-47 

20 

32 

j 

39 

48-51 

21 

;  32,  33 

40 

52-56 

22 

j  33 

40,  41 

57-61 

23 

;  34  ; 

41 

J  62-67 

24 

34 

41,  42 

1 

67-73 

25 

35  | 

42 

74-80 

26 

35 

I 

42,  43 

81-84 

27 

36  j 

43 

j  36 
37 

37 

37,  38 

38 

38 

39 
39 

39 

40 
40 

40 

40,  41 

41 


43,  44 
44 

44 

45 

45 

45,  46 

46 

46 

46,  47 

47 

47 

47,  48 

48 
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COMPUTATION  OF  INPUT  SPECTRUM 

Computation  of  the  shaped  spectrum  to  be 
used  as  the  test  input  may  be  divided  into  two 
phases:  (a)  spectral  analysis  of  the  input  con¬ 
trol  and  each  response  control  acceleration  sig¬ 
nal  measured  during  the  previous  iteration  step; 
and  (b)  from  the  results  of  (a),  computation  of 
the  shaped  spectrum  which  satisfies  the  test 
specification,  such  as  Fig.  4. 

Spectral  Analysis 

A  detailed  discussion  of  the  analysis  sys¬ 
tem  employed  for  spectral  analysis  is  beyond 
the  scope  of  this  paper.  However,  a  brief  de¬ 
scription  is  appropriate  to  Illustrate  the  prac¬ 
ticality  of  the  test  method.  Figure  6  is  a 
simplified  block  diagram  of  the  system.  The 
features  of  the  system  significant  to  expeditious 
computation  of  the  input  spectrum  are:  (a)  by 
use  of  the  DUG  B  time  code  translator  /tape 
search  and  control  unit,  no  dubbing  or  tape  loop 
cutting  is  required;  (b)  the  data  sample  length 
is  selectable,  in  12.5-msec  increments,  any¬ 
where  between  '  and  approximately  40  sec; 

(c)  by  simultaneous  detection  of  the  output  of 
every  filter,  a  single  playback  in  reai  time  of 
the  accelerometer  signal  is  enough  to  complete 
the  analysis;  (d)  the  spectrum  is  computed  and 
recorded  on  digital  tape  in  engineering  units 
less  than  5  sec  after  the  data  sample  playback 
is  completed;  (e)  printing  or  listing  of  the  com¬ 
puted  spectrum  as  illustrated  in  Fig.  7  requires 
approximately  3  min,  although  this  is  not  nec¬ 
essary  for  computation  of  the  shaped  input 
spectrum.  With  allowances  for  location  of  data 
sample  for  analysis,  switching  tape  playback 
channels,  adjusting  of  system  gains,  etc.,  listed 
spectra  can  be  produced  at  a  rate  in  excess  of 
10  per  hour. 


Fig.  6.  Simplified  block  diagram  of 
spectral  analyses  system 


CH. 

FREQ. 

G**2'HZ 

01 

20.00 

00.00207936 

02 

22.58 

00.00320356 

03 

24.84 

00.00268324 

04 

27.32 

00.00357604 

05 

30.05 

00.00381924 

06 

33.06 

00.00379456 

07 

36.36 

00.00244036 

08 

40.00 

00.00236196 

09 

44.00 

00.00478864 

10 

48.40 

00.00425104 

11 

53.24 

00.00285156 

12 

58.56 

00.00256036 

13 

64.42 

00.00238144 

14 

70.86 

00.00360000 

15 

77.95 

00.00258064 

16 

85.74 

00.00526984 

17 

94.32 

00.00181476 

18 

103.8 

00.00147456 

19 

114.1 

00.00092416 

20 

125.5 

00.00166464 

21 

138.1 

00.00163216 

22 

151.9 

00.00125316 

23 

167.1 

00.00197136 

24 

183.8 

00.00183184 

25 

202.2 

00.00150544 

26 

222.4 

00  00142884 

27 

244.6 

00.00171396 

28 

269.1 

00.00145924 

29 

296.0 

00.00155236 

30 

325.6 

00.00161604 

31 

358.2 

00.00160000 

32 

394.0 

00.00153664 

33 

433.4 

00.00148996 

34 

476.7 

00.00164836 

35 

524.4 

00.00161604 

36 

576.8 

00.00168100 

37 

634.5 

00.00169744 

38 

698.0 

00.00168100 

39 

767.8 

00.00163216 

40 

845.0 

00.00155236 

41 

929.5 

00.00164836 

42 

1022.0 

00.00173056 

43 

1124.0 

00.00155236 

44 

1236.0 

00.00163216 

45 

1360.0 

00.00142884 

46 

1496.0 

00.00132496 

47 

1646.0 

00.00132496 

48 

1811.0 

00.00142884 

49 

1992.0 

00.00080656 

50 

2191.0 

00.00002704 

51 

2410.0 

00.00001024 

52 

2651.0 

00.00001600 

53 

LPASS 

00.00001761 

54 

HP  ASS 

00.00001792 

CH.53  &  54  ARE  x  10** 

+5  g  RMS 

Fig.  7. 
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Input  Spectrum  Computation 

Computation  of  the  input  spectrum  for  each 
step  in  the  previously  described  iteration  proc¬ 
ess  employs  the  digital  computer  and  its  periph¬ 
erals,  which  are  part  of  the  analysis  system  of 
Pig.  6.  During  spectral  analysis,  the  spectrum 
of  the  input  control  signal,  followed  by  the  spec¬ 
tra  of  each  of  the  response  control  signals,  are 
sequentially  recorded  on  digital  tape  and  suit¬ 
ably  identified,  e.g.,  C; ,  Hi,  R 2 . . .  R„.  With 
the  assembly  test  program  now  entered  into  the 
computer  memory,  the  test  specification  shown 
in  Fig.  4  is  requested  by  and  entered  through 
the  teletypewriter.  Figure  8  illustrates  this 
entry  which  permits  different  specification  lev¬ 
els  for  each  10  percent  bandwidth  channel, 
should  this  he  desired.  The  cc  mputer  now 
stores  the  control  spectrum  in  memory.  Next, 
the  maximum  response  spectral  density  in  each 
analysis  system  channel  and  the  control  loca¬ 
tion  at  which  it  occurred  is  determined  by  se¬ 
quentially  calling  in  the  response  spectra  and 
comparing  them  channel  by  channel.  This  spec¬ 
trum,  which  represents  the  envelope  of  all  the 
response  control  spectra,  is  now  normalized 
with  respect  to  the  input  spectrum.  Normali¬ 
zation  is  necessary  to  account  for  variations 
between  the  specified  and  achieved  input  levels. 
The  normalized  spectrum  is  now  compared  with 
tiie  previously  entered  test  specification,  and 
the  maximum  input  spectral  density  which  will 
cause  a  response  equal  to  the  specified  maxi¬ 
mum  response  is  computed  for  each  channel. 

If  this  computed  value  is  greater  than  the  spec¬ 
ified  maximum  input,  the  latter  value  is  re¬ 
tained.  On  the  other  hand,  if  the  computed  value 
is  less  than  the  specified  minimum  input,  then 
the  minimum  input  is  retained.  When  the  com¬ 
puted  value  is  between  these  specified  limits,  it 
is  retained.  The  desired  input  control  spectrum 
is  now  complete  in  terms  of  the  analysis  system 
channels.  The  computer  then  defines  the  spec¬ 
trum  in  te.  ms  of  the  equalizer  channels  and 
prints  out  the  data  shown  in  Figs.  9  and  10. 
Figure  9,  the  Engineering  Report,  lists,  by 
analysis  system  channel  number,  the  actual 
control  spectral  density,  the  maximum  response 
«ixTtral  density  with  the  response  location  at 
which  it  occurred,  and  the  rorreci:ion  factor 
(  1.0)  to  be  applied  to  the  specified  maximum 
input  spectral  density.  Figure  10,  the  Opera¬ 
tions  Report,  which  is  selectable  for  eitKer  the 
40-  or  80-channel  equalizer,  lists  the  input 
sjx'ctral  density  by  equalizer  channel  number 
lor  use  by  the  vibration  test  technician  in  con¬ 
trolling  the  next  test. 

The  time  to  enter  the  assembly  test  pro¬ 
gram,  make  the  computations,  and  print  out  the 
reports  shown  is  approximately  10  min.  The 


overall  time  from  acquiring  analog  data  to 
printout  of  the  shaped  spectrum  for  15  response 
control  accelerometers  is,  on  the  average,  ap¬ 
proximately  2  hr. 


TESTING  EXPERIENCE 

The  primary  purpose  of  this  paper  is  to 
propose,  for  test  level  control  of  larger  test 
objects,  a  logical  method  which  achieves  im¬ 
proved  simulation  of  the  usage  environment.  To 
illustrate  the  practicality  of  the  method,  it  is 
appropriate  to  describe  some  experience  with  it. 

A  recent  test  of  an  air-to-air  missile  was 
defined  in  three  phases:  la)  30  min  of  low-level 
vibration  6  db  down  from  the  reference  spectrum; 
(b)  1  min  of  vibration  2.5  db  down  from  the  ref¬ 
erence  spectrum;  and  (c)  1  min  of  vibration  at  the 
reference  spectrum,  he.,  0  db.  No  minimum  in¬ 
put  was  specified  (see  Fig.  4).  The  initial  vi¬ 
bration  run  was  conducted  10  db  down  from  the 
specified  maximum  input.  Table  2  shows  the 
correction  factors  from  the  engineering  report 
(Fig.  9)  for  each  run,  while  Fig.  11  is  a  plot  of 
these  factors  vs  run  number  using  an  arbitrary 
horizontal  s:ale.  Channels  which  are  omitted 
from  Table  2  for  brevity  consistently  siiowed 
unity  correction  factors.  Criteria  for  accept¬ 
ance  or  rejection  of  a  spectrum  were:  (a)  if 
less  than  1.5-db  change  occurred  in  any  channel, 
accept  spectrum  for  test;  (b)  if  greater  than 
3-db  change  occurred  in  any  channel,  iterate 
once  more;  and  (c)  if  any  changes  exceeded  1.5 
ub  but  none  exceeded  3  db,  accept  or  reject  on 
judgment  basis.  From  Table  2  it  is  seen  that 
iteration  to  the  desired  input  spectrum  took 
three  runs,  one  at  -10  db,  two  at  -6db.  It  should 
be  noted  that  the  two  1-min  runs  at  -6  db  were 
considered  as  part  of  the  30-min  test  duration. 
The  computation  after  25  min  of  low-leve!  vi¬ 
bration  exposure  just  prior  to  the  high-level 
vibration  was  conducted  to  adjust  the  input 
spectrum,  if  necessary,  to  account  for  changes 
In  niissii.  response  resulting  from  accumulated 
vibration  exposure.  The  computed  spectrum  at 
0  db  was  computed  from  data  during  the  1-min 
exposure  at  the  high  level.  While  not  used  ac¬ 
tually  to  control  the  test,  since  it  was  by  then 
completed,  it  did  show  the  variation  between  the 
spectrum  actually  used  and  the  spectrum  which 
should  have  been  used. 

It  should  be  noted  that  the  correction  fac¬ 
tors  in  Table  2  and  Fig.  11  are  corrections  to 
spectral  density,  i.e.,  mean  square  accf  leration. 
Also,  locations  2  and  3  were  at  the  same  mis¬ 
sile  bulkhead  but  separated  180  deg  circumfer¬ 
entially  so  that  almost  identical  responses  were 
expected.  Further,  changes  in  tabulated  location 
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JUJOJUPOJUJUJUJOJUJUJOJUJUJUO 


ASSEMBLY  TEST  PR0GRAM 
SPECIFICATION  REQUEST 


TODAY’S  DATE  10-6-67 

SPECIFICATION  INPUT  SPECIFICATION  RESPONSE 


FIRST 

CHAN 

LAST 

CHAN 

MINIMUM 

MAXIMUM 

MAXIMUM 

XX 

XX 

xx.xxxxx 

xx.xxxxx 

xx.xxxxx 

01 

17 

00.00001 

00.03000 

00.12500 

18 

33 

00.00001 

00.01500 

00.12500 

34 

49 

00.00001 

00.01500 

00.15000 

50 

52 

00.00001 

00.00001 

00.00001 

END  INPUT  SPEC 


i 


Fig.  8.  Assembly  test  program,  specification  input  (C  control  spectrum, 
number  of  R's  -  number  of  response  spectra;  for  zero  minimum  input 
specification,  0.00001  is  entered 
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ASSEMBLY  TEST  PROGRAM  ENGINEERING  RETORT 


CHAN 

ACTUAL 

TEST  MAX 

ACCLL 

C0RR 

N0 

C0NTR0L 

RESP0NSE 

IL' 

FACF. 

001 

00.00207936 

00.00553536 

R003 

100 

002 

00.00320356 

00.01032256 

R003 

100 

003 

00.00268324 

00.00788544 

R002 

100 

004 

00.00357604 

00.01166400 

RG02 

100 

005 

00.00381924 

00.01557504 

R002 

100 

006 

00.00379456 

00.01721344 

R002 

091 

007 

00.00244036 

00.01459264 

R003 

069 

008 

00.00236196 

00.02611456 

R002 

037 

009 

00.00478864 

00.02585664 

ROM 

077 

010 

00.00425104 

00.01345600 

R009 

100 

Oil 

00.00285156 

00.01982464 

R002 

059 

012 

00.00256036 

00.05017000 

R002 

021 

013 

00.00238144 

00.06471936 

R002 

015 

014 

00.00360000 

00.03444736 

R002 

043 

1  015 

00.00258064 

00.01700416 

ROM 

063 

'  016 

00.00529984 

00.01478656 

ROM 

100 

017 

00.00181476 

00.00595984 

R006 

100 

018 

00  00147456 

00.00760384 

R006 

100 

019 

00  >0092416 

00.00577600 

R006 

100 

020 

00.00166464 

00.00518400 

R006 

100 

021 

00.00163216 

00.00160000 

R003 

100 

022 

00.00125316 

00.00529984 

R003 

100 

023 

00.00197136 

00.01254400 

R003 

100 

024 

00.00183184 

00.00322624 

R003 

100 

025 

00.00150544 

00.00078400 

R003 

100 

|  026 

00.00142884 

00.00046656 

R003 

100 

027 

00.00171396 

00.00021024 

R003 

100 

028 

00.00145924 

00.00033856 

ROM 

100 

029 

00.00155236 

00.00027556 

J1003 

100 

030 

00.00161604 

00.00021316 

R003 

100 

031 

00.00160000 

00.00026244 

R002 

100 

032 

00.00153664 

00.00030976 

R002 

100 

033 

00.00148996 

00.00026568 

R002 

100 

084 

00  00164836 

00.00013688 

R002 

100 

035 

00.00161604 

00.00008648 

R002 

100 

036 

00.00168100 

00.00010200 

R005 

100 

037 

00.00169744 

00.00028224 

R006 

100 

038 

00.00168100 

00.00087616 

R009 

100 

039 

00.00163216 

00.00240100 

R009 

100 

040 

00.00155236 

00.00291600 

R009 

100 

041 

00.00164836 

00.00313600 

R009 

100 

042 

00.00173056 

00.00250000 

R009 

100 

043 

00.00155236 

00.00274576 

R004 

100 

044 

00.00163216 

00.00129600 

R004 

100 

045 

00.00142884 

00.00627264 

K004 

100 

046 

00.00132496 

00.03111696 

R004 

042 

047 

00.00132496 

00.05419584 

R006 

024 

048 

00.00142884 

00.01336336 

R005 

100 

049 

00.00080656 

00.00698896 

R005 

100 

050 

00.00002704 

00.00004096 

ROM 

100 

05 1 

00.0000102s 

00.00016900 

ROM 

100 

052 

00.00001600 

00.00008464 

ROM 

100 

< ■  rl  truin  assembly  test  pro 

gram. 

-  1 0  db 

initial  iterati 

>11 

56 


TABLE  2 

Correction  Factors  from  Successive  Assembly  Test  Computations 


Run  Ia 

Run  llb 

Run  HIC 

Run  IVd 

Run  V« 

Channel 

Number 

Correc- 

Accel. 

Correc - 

Accel. 

Correc- 

Accel. 

Correc- 

Accel. 

Correc- 

Accel. 

tion 

Loca- 

tion 

Loca- 

tion 

Loca- 

tion 

Loca- 

tior. 

Loca- 

Factor 

tion 

Factor 

tion 

Factor 

tion 

Factor 

tion 

Factor 

tion 

5 

1.00 

2 

1.00 

2 

1.00 

2 

2 

1.00 

3 

6 

2 

1.00 

2 

1.00 

2 

2 

1.00 

3 

7 

0.69 

3 

1.00 

3 

0.91 

2 

0.88 

3 

0.94 

3 

8 

0.37 

2 

0.68 

3 

0.58 

2 

2 

0.69 

3 

9 

0.77 

14 

1.00 

3 

1.00 

2 

2 

1.00 

14 

1.00 

9 

1.00 

3 

1.00 

2 

2 

1  00 

6 

11 

0.59 

2 

0.84 

2 

0.79 

2 

0.70 

2 

0.83 

3 

12 

0.21 

2 

0.52 

5 

0.75 

4 

0.27 

2 

0.51 

3 

13 

0.15 

2 

0.26 

2 

0.26 

2 

0.16 

2 

0.28 

3 

14 

0.43 

2 

0.24 

14 

0.31 

14 

0.31 

14 

0.66 

3 

15 

0.63 

14 

0.53 

14 

0.55 

14 

0.62 

14 

1.00 

14 

16 

1.00 

14 

1.00 

14 

1.00 

14 

1.00 

14 

1.00 

6 

17 

1.00 

6 

1.00 

6 

1.00 

6 

1.00 

6 

0.59 

6 

18 

1.00 

6 

o 

o 

6 

1.00 

6 

1.00 

6 

1.00 

6 

45 

1.00 

4 

1.00 

4 

1.00 

4 

1.00 

4 

1.00 

4 

46 

0.42 

4 

0.52 

4 

0.50 

4 

0.49 

4 

0.59 

4 

47 

0.24 

6 

0.45 

4 

0.36 

4 

0.45 

4 

0.41 

4 

48 

1.00 

5 

1.00 

5 

1.00 

5 

1.00 

5 

1.00 

5 

49 

1.00 

5 

0.91 

5 

0.77 

5 

0.82 

5 

0.97 

5 

50 

1.00 

14 

1.00 

4 

1.00 

4 

1.00 

4 

1.00 

4 

aImtial  computation,  input  10  db  down  from  maximum  input. 

^Second  computation,  mput  *■  db  down  from  initial  computation. 

Third  computation,  input  6  db  down  from  second  computation. 

“Computation  from  response  measured  after  ^5-min  excitation  at  t.  db  down  from  third  computation. 
“Computation  from  response  measured  during  l-iniii  excitation  atlevel  from  fourth  computal  mn  (0  db). 
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ITERATION 

PHASE 


INCREASING  TEST 
LEVEL  PHASE 


ASSEMBLY  TEST  PR0GRAM 
0PERATI0NS  REP0RT 


CHAN 

ASDE 

N0 

80 

002 

00.00030000 

043 

00.00015000 

003 

00.0G011305 

044 

00.00015000 

004 

00.00017978 

045 

00.00015000 

005 

00.00004599 

046 

00.00015000 

006 

00.00013062 

047 

00.00015000 

007 

00.00030000 

048 

00.00015000 

008 

00.00015000 

049 

00.00015000 

009 

00.00015000 

050 

00.00015000 

010 

00.00015000 

051 

00.00015000 

011 

00.00015000 

052 

00.00015000 

012 

00.00015000 

053 

00.00015000 

013 

00.00015000 

054 

00.00015000 

014 

00.00015000 

055 

00.00015000 

015 

00.00015000 

056 

00.00015000 

016 

00.00015000 

057 

00.00015000 

017 

00.00015000 

058 

00.00015000 

018 

00.00015000 

059 

U0. 00015000 

019 

00.00015000 

060 

00.00015000 

020 

00.00015000 

061 

00.00015000 

021 

00.00015000 

062 

00.00006386 

022 

00.00015000 

063 

00.00006386 

023 

00.00015000 

064 

00.00006386 

024 

00.00015000 

065 

00.00006386 

025 

00.00015000 

066 

00.00006386 

026 

00.00015000 

067 

00.00003867 

027 

00.00015000 

068 

00.00003667 

028 

00.00015000 

069 

00.00003667 

029 

00.00015000 

070 

00.00003667 

030 

00.00015000 

071 

00.00003667 

031 

00.00015000 

072 

00.00003667 

032 

00.00015000 

073 

00.00003667 

033 

00.00015000 

074 

00.00015000 

034 

00.00015000 

075 

00.00015000 

035 

00.00015000 

076 

00.00015000 

036 

00.00015000 

077 

00.00015000 

037 

00.00015000 

078 

00.00015000 

038 

00.00015000 

079 

00.00015000 

039 

00.00015000 

080 

00.00015000 

040 

00.00015000 

081 

00.00015000 

041 

00.00015000 

082 

00.00015000 

042 

00.00015000 

083 

00.00015000 

Fig  0,  Operations  report  from  assembly 
test  program,  -10  db  initial  iteration 


where  a  unity  correction  factor  is  listed  merely 
Indicate  a  change  in  the  location  at  which  the 
maximum  response  was  observed,  regardless 
of  the  magnitude  of  the  response, 


CONSTANT  'EST 
-a  1CVEI  PHA 


“l  ' 


I  0 

0  8 
0  6 

I  0 

ce 

0  6 


channel 

Ml 

■  8 

350 

O  7 

364 

A  17 

_ 94  3 

*  9 

440 

o  II 

532 

A  15 

78  0 

□  46 

1456  O 

Fig.  11.  Variation  cf  correction  factors 
with  successive  assembly  test  computa¬ 
tions  (run  I:  initial  computation,  input 
10  db  down  from  maximum  input;  run  II: 
second  computation,  input  6  db  down 
from  initial  computation;  run  III:  third 
computation,  input  6  db  down  from  sec¬ 
ond  computation;  run  IV:  computation 
from  response  measured  after  25-min 
excitation  at  6  db  down  from  third  com¬ 
putation,  run  V:  computation  from  re¬ 
sponse  measured  during  1-min  excita¬ 
tion  at  level  from  fourth  comfutation 
(0  db)) 


Examination  of  Table  2  and  Fig.  11  leads 
to  the  following  observation: 


1.  The  greatest  fluctuation  in  correction 
factor,  particularly  during  the  constant  test 
level  phase,  occurs  in  channels  12  and  13,  with 
center  frequencies  at  58.6  and  64.4  Hz,  respec¬ 
tively.  Fortunately,  the  same  equalizer  channel 
is  controlled  by  both  these  analysis  channels, 
and  therefore  the  correction  factor  for  channel 
13  governed.  The  change  during  this  phase  is 
just  under  2  db  for  this  channel.  It  would  be 
easy  to  conclude  that  this  fluctuation,  particu¬ 
larly  in  channel  12,  results  entirely  from  typi¬ 
cal  CO-Hz  signal  'noise  problems.  Undoubtedly 
this  explains  part  of  the  fluctuation,  particularly 
since  the  control  location  changes  for  runs  II 
and  III.  However,  it  is  noted  that  the  correction 
factor  for  channel  11,  centered  at  53.2  Hz,  is 
approximately  0.75  and  has  the  same  control 
location  as  channel  13,  which  has  a  correction 
factor  of  approximately  0.2.  Thus  a  small 
change  in  the  frequency  of  peak  response  as  the 
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excitation  level  changed  could  cause  significant 
change  in  the  correction  factor  for  channel  12, 
since  it  appears  to  be  centered  on  the  slope  of 
the  notch. 

2.  The  trend,  in  correction  factors  during 
the  iteration  phase  is  to  increase  as  test  level 
increases,  i.e.,  the  required  notch  in  input  level 
is  net  as  deep  for  higher  inputs.  This  is  con¬ 
sistent  with  the  generally  accepted  decrease  in 
Q  with  increased  excitation. 

3.  The  tendency  of  the  correction  factor 
for  run  II  to  be  larger  than  for  run  HI  is  indica¬ 
tive  of  "overshoot"  in  the  iteration  and  could 
perhaps  be  anticipated. 

4.  During  the  constant  test  level  phase,  the 
changes  in  correction  factor,  except  as  noted  in 
item  1,  indicate  that  changes  in  system  response 
were  relatively  minor.  This  is  crucial  to  the 
use  of  the  proposed  test  method,  since  it  per¬ 
mits  the  use  of  input  and  response  spectra  con¬ 
trol  without  continuous  on-iine  analyses  of  many 
response  accelerometers.  As  mentioned  pre¬ 
viously,  the  method  would  be  impractical  had 
such  on-line  analysis  been  required. 

5.  The  general  trend  of  increasing  correc¬ 
tion  factor  between  runs  IV  and  V  with  a  6-db 
change  in  excitation  level  means  that  the  short- 
duration  high-level  input  was  notched  more 
deeply  than  it  should  have  been,  although  the 
errr-  did  not  exceed  3  db. 


6.  The  error  discussed  in  Item  5  indicates 
that  this  test  method  may  be  less  readily  appli¬ 
cable  to  very  short  duration  tests  than  to  longer 
tests  at  constant  level.  Of  course,  a  new  one- 
step  iteration  at  the  0-db  level  could  be  ma.de. 
However,  statistical  accuracy  in  spectral  anal¬ 
ysis  at  the  lower  frequencies  can  be  maintained 
only  with  data  sample  duration  approaching  the 
test  duration,  if  the  analysis  bandwidth  is  nar¬ 
row  enough  to  avoid  excessive  smoothing  of  the 
response  spectra. 

CONCLUSION 

This  paper  has  described  a  vibration  test 
method  for  larger  test  objects  which  achieves, 
through  the  control  of  both  input  and  response 
spectra,  a  closer  simulation  of  the  usage  envi¬ 
ronment.  This  simulation  improvement  is 
gained  by  empirically  accounting  for  the  imped¬ 
ance  characteristics  of  the  test  object,  through 
appropriate  notching  of  the  input  spectrum  on 
the  basis  oi  measured  responses.  Application 
of  the  method  as  described  requires  a  statisti¬ 
cal  description  of  the  environment  as  developed 
elsewhsre  |lj.  However,  if  the  environment  is 
described  only  in  terms  of  response  envelopes, 
adaptation  of  the  method  to  this  situation  ap¬ 
pears  quite  straightforward.  Implementation  of 
the  test  method  is  more  expensive  than  tradi¬ 
tional  test  methods.  However,  with  the  use  of 
high-speed  data  redaction  facilities,  it  is  be¬ 
lieved  the  additional  costs  are  readily  justified 
when  weighed  against  the  probable  value  of  the 
test  object  and  the  improved  validity  of  test 
results. 
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DISCUSSION 


Mr.  Smith  (Douglas  Aircraft  Co.) :  In 
slide  4  you  showed  an  envelope  of  both  input  and 
response  levels.  What  was  the  ratio  between 
those  two  levels?  I  don't  believe  you  mentioned 
that. 


Mr.  Curtis:  The  ratio  was  approximately 
5  to  1  for  this  particular  test.  Seme  oi  the 
others  we've  had,  using  this  approach,  are  10 
or  15  to  1  between  the  maximum  input  and  the 
maximum  response.  The  ratio  of  minimum 
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input  to  maximum  response  has  been  as  high  as 
80  or  so. 

Mr.  Smith:  On  the  Saturn  S-FV  B/V  high 
force  tests  we  looked  at  the  results  in  a  similar 
way.  We  compared  the  input  to  a  large  number 
of  panels  to  the  response  of  the  panels  by  envel¬ 
oping  the  two.  The  envelopes  of  responses  and 
inputs  were  practically  indistinguishable.  I  think 
the  maximum  ratio  was  some'  'ling  like  two. 
Perhaps  this  shows  that  the  \  gger  you  get  the 
more  the  difference  diminishes. 

Mr.  Curtis:  I  think  that  Is  probably  true. 
Another  thing  was  surprising  to  me.  In  the  2  kc 
bandwidth  there  were  something  like  49  ten  percent 
bandwidths  and  1  think  the  correction  factor  was 
other  than  unity  for  roughly  12  of  these.  I  rather 
expected  that  the  shaped  input  would  be  more 
complex  than  It  turned  out  to  be.  Perhaps  one 
can  conclude  that  either  the  minimum  input  was 
too  low  or  the  maximum  response  was  too  high. 

Voice:  What  was  the  reason  for  attenuating 
the  amplified  response  points?  I  think  we  all 
would  agree  that  there  are  many  definitions  for 
environment,  but  the  more  generally  accepted 
one  is  the  input  to  the  base  rather  than  the  re¬ 
sponse. 

Mr.  Curtis:  The  approach  is  that  we  would 
like  to  control  ti.e  test  at  the  points  at  which  we 
have  predicted  and  think  we  know  what  the  en¬ 
vironmental  level  is.  We  have  predicted  it  at 
the  attachment  points,  but  we  are  exciting  it  and 
wish  to  control  actively  the  test  at  a  point  on 


the  structure  somewhat  removed  from  that.  If 
there  is  a  resonant  frequency  at  some  point,  and 
you  go  out  and  measure  the  environments  at  the 
assembly  attachment  points,  you  can  be  pn  y 
sure  that  you  will  see  a  notch  in  the  environment 
at  that  resonant  freouency.  This  is  because  the 
assembly  will  act  as  a  dynamic  vibration  ab¬ 
sorber.  Now,  if  you  exert  control  and  don't 
allow  for  that,  you  can  very  severely  overstress 
that  rack  because  the  supporting  structure  just 
doesn't  liave  enough  energy  to  drive  it  up  to  that 
level.  Somebody  could  accuse  us  of  trying  to 
legalize  not  being  able  to  drive  the  test  Item 
hard  enough  at  those  frequencies  because  of  the 
Limitations  in  the  shaker.  We  should  simply 
recognize  that  many  times  we  start  driving  a 
large  test  item  to  some  specification  level,  and 
when  we  try  to  drive  it  at  its  resonant  frequency 
it  takes  more  power  and  causes  greater  stresses 
in  the  attachment  points  than  the  real  supporting 
structure  could  ever  deliver.  Yon  are  empiri¬ 
cally  adjusting  for  the  dynamic  loading  for  what¬ 
ever  it  is  you  are  testing. 

Dr.  Morrow  (LTV  Research  Center):  1  take 
it  that  when  you  get  data  it  is  primarily  from 
the  unit  mounting  points  rather  than  the  rack 
mounting  points  and  the  controlling  specifica¬ 
tions  are  primarily  for  the  units. 

Mr.  Foley  (Sandia  Corp):  This  is  not  so 
much  a  question  as  it  is  a  comment.  We've 
considered  this  particular  technique  suffi¬ 
ciently  worthwhile  to  incorporate  it  in  AEC 
standards  since  about  1963  and  it  has  been  quite 
successful. 

* 
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RANDOM-FORCE  VIBRATION  TESTING* 


John  V.  Otts  and  Norman  F.  Hunter,  Jr. 
Sandia  Corporation 
Albuquerque,  New  Mexico 


Several  phases  of  random-force  vibration  testing  are  discussed:  (a)  force- 
controlled  random  vibration  input;  (b)  electronic  simulation  of  a  foundation's 
apparent  weight  during  a  random  test  where  the  input  is  force  controlled; 

(c)  measurement  of  a  structure's  apparent  weight  using  random  force  and 
random  acceleration  data;  and  (d)  random  response  predictions  and/or  calcu¬ 
lations  using  random  field  data  and  the  appropriate  apparent  weight  data. 

The  Vibration  Division  of  Sandia  Corporation  has,  over  the  past  three  years, 
been  actively  involved  in  force-controlled  vibration  testing,  force  limiting 
during  acceleration-controlled  tests,  electronic  simulation  of  a  structure's 
apparent  weight,  apparent  weight  analyses,  and  vibration  response  predic¬ 
tions.  Until  recently,  all  of  these  categories  had  been  restricted  to  sinusoi¬ 
dal  sweep  testing  and  discrete  -requency  analyses  due  to  limited  technology. 

To  meet  specific  test  requirements  and  anticipated  test  specifications,  an  in¬ 
vestigation  was  initiated  to  develop  the  capabilities  for  accurate  and  econom¬ 
ical  testing  in  the  area  of  random-force  vibration.  Results  of  this  investiga¬ 
tion  are  reported. 


INTRODUCTION 

The  Vibration  Division  of  Sandia  Corpora¬ 
tion  has  been  actively  involved  with  the  devel¬ 
opment  and  utilization  of  force-controlled  vibra¬ 
tion  testing,  apparent  weight  (WA)  analysis, 
apparent  weight  simulation,  and  environmental 
response  predictions.  Apparent  weight  WA  is 
defined  as  the  complex  ratio  of  applied  force  F 
to  the  resulting  acceleration  g.  This  property 
is  represented  in  terms  of  magnitude  and  phase 
angle  vs  frequency.  Apparent  weight  WA  Is 
related  to  mechanical  Impedance  Z  by  a  factor 
of  jw.  The  type  of  force-controlled  vibration 
test  normally  used  is  one  where  the  input  vi¬ 
bratory  force  is  controlled  below  a  test  system 
which  consists  of  the  test  specimen  and  its 
foundation  from  the  field  environment.  The 
arguments  for  this  type  of  test  are  presented 
by  Otts  (1).  Further,  the  foundation  WA,  as 
seen  by  the  test  specimen,  is  normally  simu¬ 
lated  electronically  during  the  laboratory  test. 
This  technique  is  described  and  proved  by 
Hunter  and  Otts  (2). 

Until  recently,  these  areas  of  testing  had 
been  iimited  to  sinusoidal  sweep  inputs  and  dis¬ 
crete  frequency  analyses  because  of  limited 


technology  and  development.  However,  to  meet 
both  specific  and  anticipated  test  requirements 
in  the  future,  .in  investigation  in  the  areas  of 
random  force  testing  and  analyses  was  started. 
The  results  of  this  investigation  are  presented 
here,  and  include  the  following: 

1.  Random  vibration  response  predictions; 

2.  WA  measurement  with  random  force  and 
acceleration  data; 

3.  WA  simulation  through  electronics  dur¬ 
ing  random  force-controlled  vibration  tests. 


RANDOM  VIBRATION  RESPONSE 
PREDICTION 

To  obtain  meaningful  and  repeatabie  ran¬ 
dom  data,  several  parameters  should  be  care¬ 
fully  considered.  These  parameters  are  fiiter 
bandwidth,  averaging  time,  and  sweep  rate. 
Fiiter  bandwidth  determines  the  frequency  res¬ 
olution  obtained  on  response  piots.  Bandwidth 
is  particularly  important  when  analyzing  high  Q 
peaks  and  notches.  The  effects  of  filter  band¬ 
width  on  measured  peak  response  are  predicted 


*This  work  was  supported  by  the  United  States  Atomic  Energy  Commission. 
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by  Forlifer  (3)  and  these  predictions  are  verr- 
tied  by  experimental  data.  Best  resolution  re¬ 
quires  the  narrowest  available  filter,  though  a 
narrow  filter  requires  a  long  averaging  time 
and  a  slow  sweep  rate  (4).  A  10-cps  bandwidth 
filter  was  chosen  as  a  compromise.  For  most 
data  analysis,  the  parameters  used  were  then: 

Filter  bandwidth  10  cps 

Averaging  time  3.55  sec 

Sweep  rate  (log)  0.0667  decade s/min 

Consider  the  electrical  "mobility"  analog 
of  a  mechanical  test  item  and  foundation  as 
shown  in  Fig.  1.  This  might  represent  a  typical 
rocket  motor -payload  system.  The  simulated 
random  force  input  (generator  S  in  Fig.  1)  is  a 
flat  spectrum  Ivcps  from  20  to  2000  cps.  A 
list  of  analogous  mechanical  and  electrical 
quantities  appears  in  Table  1  and  shows,  for 
example,  that  force  is  analogous  to  current. 


SOO 


FOWIOATION 


FOUNDATION  ANO  TEST  ITEM 
RESPONSE  PREDICTION 


Fig.  1.  Sinuiidttd  rocket  motor- 
payload  system 


Interface  response  of  the  rocket  motor- 
payioad  system  is  desired  without  an  actual  run 
being  made  with  the  two  connected.  This  re¬ 
sponse  may  be  predicted  if  aata  are  available  of: 

1.  Foundation  impedance  ZF  (IF/VF)  mhos 

2.  Test  item  impedance  ZT1  (IT, /Tj  )  nihos 

3.  Unloaded  foundation  response  (V^)2 
volts -/cps 


TABLE  1 

Mechanical-Electric  Analogies 


Mechanical 

Mass  Capacitance 

Analogy 

Force  F 
Damping  C 
Mass  M 

Compliance  1/K 
Velocity  v 
Acceleration  a 
Blocked  force 
Freely  suspended 
system 

Thrust  irregularities 
Mechanical  impedance 

Z  =  F/v 

Apparent  weight  WA 


Current  1 
Conductance  l/R 
Capacitance  c 
Inductance  L 
Voltage  E 
dE/dt 

Short  c  ircuited  current 
Open  circuit 

Current  generator 
Electric  ai  admittance 

i/E 

i/(dE/dt) 


Foundation  and  test  item  impedance  are  ob¬ 
tained  from  sine  analysis  by  applying  a  constant 
voitage  to  the  items,  and  measuring  the  result¬ 
ing  current.  Source  S  is  a  current  (force)  gen¬ 
erator  and  is  replaced  by  an  open  circuit  during 
impedance  measuring.  Unloaded  foundation  re¬ 
sponse  Is  determined  by  applying  input  I2/cps 
at  S  (Fig.  1)  and  plotting  the  resulting  V^ 
volts  2/cps  at  the  interface  (AA), 


The  interface  response  with  foundation  and 
test  item  connev  ted  may  be  determined  from 
Thevinin's  theorem  as 


Zr  +  ZT,/ 


’*o 


(1) 


Experimental  data  obtained  on  the  quantities  in 
Eq.  (1)  are  shown  in  Figs.  2,  3,  and  4.  The  In¬ 
terface  response  Vw  is  calculated  by  using 
Eq.  (1)  and  is  measured  experimental  This 
is  shown  in  Fig.  5.  Note  the  correlati  etw^er. 
predicted  and  measured  values  in  Fig.  j. 


The  terms  Zr  and  ZT,  in  Eq.  (1)  are  sine 
impedances.  However,  they  were  also  measured 
by  uoing  the  techniques  described  below  in  WA 
analysis.  These  "random"  impedances  are 
shown  in  Figs.  6  and  7.  Calculations  of  V#  are 
again  made  and  compared  with  the  measured 
response  in  Fig.  8. 


APPARENT  WEIGHT 

Typically,  WA  characteristics  are  deter¬ 
mined  during  a  sinusoidal  sweep  vibration  test 
The  input  force  and  resultant  acceleration  are 
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used  to  obtain  plots  of  F/g  and  phase  angle  vs 
frequency.  Due  to  the  sine  sweep,  the  analysis 
requires  approximately  15  min.  If  the  WA 
could  be  determined  from  a  short  burst  of  ran¬ 
dom  vibration,  the  unit  test  time  could  be  re¬ 
duced  (a  critical  factor  in  many  cases),  and 
sine  testing  could  be  eliminated  in  cases  where 
random  testing  was  specified. 


is  noted  at  the  peak  and  notch  frequencies.  This 
error,  however,  is  predictable  from  Ref.  (3). 

Another  technique  still  being  investigated 
is  to  take  the  ratio  of  the  narrow-band  rms  val¬ 
ues  of  force  and  acceleration  and  plot  this  ratio 
as  the  center  frequencies  ofthefiiters  are  swept 
across  the  frequency  range.  These  results  are 
not  as  yet  conclusive  enough  for  reporting. 


An  investigation  was  conducted  to  deter¬ 
mine  (a)  the  best  random  technique,  (b)  the  ac¬ 
curacy  that  could  be  expected,  and  (c)  how  phase 
could  be  measured.  The  results  are  considered 
below. 

The  W.  analysis  can  be  accomplished  by 
two  methods.  First,  the  acceleration  spectrum 
is  equalized  flat  over  the  frequency  range,  and 
the  required  force  spectrum  is  recorded,  A 
plot  of  the  force  spectrum,  ir  decibels,  then 
represents  the  magnitude  of  F/g  since  the  g 
spectrum  was  flat.  The  results  of  this  tech¬ 
nique  are  shown  in  Fig.  6.  Also  shown  for  com¬ 
parison  is  the  plot  obtained  during  a  sine  anal¬ 
ysis.  In  general,  a  2-  to  3-db  loss  in  resolution 


Two  choices  are  available  for  determina¬ 
tion  of  the  phase  angle.  The  best  method  in¬ 
volves  comparing  the  narrow-band  force  spec¬ 
trum  to  the  narrow-band  random  spectrum  on 
an  oscilloscope  or  oscillograph  record.  Such  a 
comparison  is  shown  in  Fig.  9.  The  second 
method  is  io  assume  the  phase  angic  based  upon 
known  relationships  and  experience.  In  the  past, 
this  method  has  proved  surprisingly  accurate. 


APPARENT  WEIGHT  SIMULATION 
TECHNIQUE 

In  general,  a  foundation's  apparent  weight 
(WA)  may  be  simulated  with  the  control  circuit 
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of  Fig.  10.  Proof  of  this  may  be  found  in  Nuck¬ 
olls  (5)  and  also  Otts  and  Hunter  (2).  The  force 
signal  is  fed  to  the  summer  through  line  C.  A 
portion  of  the  acceleration  signal  is  fed  through 
amplifier  A  and  subtracted  from  the  force  signal 
to  cancel  fixture  WA.  Foundation  mass  (0  deg) 
or  springlike  (180  deg)  characteristics  are  added 
by  amplifier  B.  Since  normally  foundation  WA 
will  change  with  frequency,  amplifier  B  should 
have  variable  gain.  The  gains  and  phases  re¬ 
quired  for  some  common  foundation  impedances 
are  listed  in  Table  2. 

White  a  foundation  may  be  approximately 
simulated  with  a  step  gain  and  phase  change, 
better  simulation  results  if  smoothly  changing 
gain  and  phase  are  used.  A  set  of  peak  notch 
equalizers  (basically  a  variable  gain,  variable  Q 
resonant  circuit)  provide  the  gain  and  phase  vs 
frequency  characteristics  required  for  multi- 
degree-of-freedom  foundations. 

A  peak  notch  filter  also  has  the  advantage 
tnat  its  transfer  functioi  exists  at  all  frequen¬ 
cies  simultaneously.  Tnis  allows  use  of  the 


TABLE  2 

Required  Gain  for  Foundation  Simulation 


Foundation 

Simulation 

Desired 

Gain  Required 

Phase 

Required 

(deg) 

Mass 

Constant 

0 

Spring 

-12  db /octave 

180 

Damper 

-6  db/octave 

90 

Resonant  system 

Variable 

S  ooth 
Cuange 

0  to  180 

mass  addition  circuit  of  Fig.  11  for  random  ap¬ 
parent  weight  simulation.  Amplifier  B  of  Fig. 

10  has  been  replaced  with  a  peak  notch  equalizer 
set  for  the  proper  gain  (and  therefore  phase) 
function.  Following  the  summing  amplifier, 
another  set  ol  equalizers  and  a  random  console 
simulate  the  foundation  blocked  force.  With 


65 


Fig.  6.  Random  foundation  impedance 


this  system,  gains  within  10  percent  of  those  nec¬ 
essary  for  ideal  simulation  were  obtained  at  all 
frequencies  as  shown  in  the  following  example. 


EXAMPLE  OF  WA  SIMULATION 
DURING  RANDOM  TESTING 

An  electrical  analog  of  a  mechanical  sys¬ 
tem  will  be  used  to  demonstrate  (a)  the  validity 
and  accuracy  of  WA  simulation  during  random 
testing,  and  (b)  one  of  the  laboratory  procedures 
used  to  simulate  vibration  environments  exist¬ 
ing  in  the  field.  This  procedure  is  identical  to 
that  reported  by  Otts  and  Nuckolls  (6)  with  the 
exception  that  random  input  and  responses  will 
be  used  in  place  of  the  sinusoidal  test  (swept 
from  20  to  2000  cps).  Figure  12  depicts  an  as¬ 
sumed  rocket  motor-payload  system.  The  vibra¬ 
tory  input  is  the  random  force  generated  at  the 
nozzle  of  the  rocket  motor.  Practically  speaking, 
this  assumption  is  valid  since  ail  WA  measure¬ 
ments  are  at  the  motor-payload  interface. 

The  mass-capacitance  analogy  in  Table  1 
is  used  to  depict  the  passive  analog  of  the 


mechanical  system  (Fig.  12a)  and  is  shown  in 
Fig.  12b.  The  random  vibration  input  in  the 
field,  which  results  from  burning  irregularities, 
will  be  assumed  to  be  a  flat  spectrum  between 
20  and  2000  cps  as  shown  in  Fig.  13.  The  re¬ 
sponse  of  the  payload  element  CPI  to  the  field 
input  is  shown  in  Fig.  14.  The  procedure  used 
to  simulate  this  response  in  the  laboratory  is 
outlined  below: 

1.  The  input  force  to  be  controlled  during 
the  laboratory  test  is  the  force  spectrum  at  the 
interface  between  the  rocket  motor  and  the  pay- 
load.  This  force  spectrum  is  obtained  through 
a  blocked  force  test  (short  circuit)  where  the 
motor  is  fired  into  a  massive  test  block  and  the 
lorce  between  the  motor  and  test  block  meas¬ 
ured.  This  spectrum,  obtained  during  a  short 
circuit,  is  shown  in  Fig.  15. 

2.  The  WA,  [ i/ (dE/dt)],  of  the  motor,  as 
seen  by  the  payload,  is  also  required.  These 
characteristics  are  depicted  in  Fig.  16.  This 
is  the  characteristic  to  be  eiectronicaliy  simu¬ 
lated  during  the  laboratory  test,  by  using  the 
WA  simulation  technique  described  above. 
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Fig.  7.  Random  test  item  impedance 


3.  The  laboratory  test  will  be  equivalent 
to  controlling  the  interface  random  force  spec¬ 
trum  (Fig.  15)  below  the  test  system  consisting 
of  the  motor  WA ,  as  seen  by  the  payload,  and 
the  payload  itself.  Using  the  procedure  previ¬ 
ously  outlined,  the  force  spectrum  will  be  con¬ 
trolled  at  the  output  of  the  WA  simulator.  The 
WA  will  be  electronically  simulated.  The 


response  of  CP?  under  the  above  conditions  is 
compared  with  the  actuai  field  response  in 
Fig.  17.  The  validity  of  the  technique,  particu¬ 
larly  WA  simulation  with  electronics,  is  obvi¬ 
ous  from  this  example.  It  might  be  noted  that 
the  same  analysis  parameters  (bandwidth, 
sweep  rate,  etc.)  were  used  for  each  response 
plot. 
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Fig.  8.  Predicted  and  measured  responses,  random  impedance  data 
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Fig.  11.  landom  mass  addition  circuit 


Fig.  10.  Mass  addition  circuit 


Fig.  1.1.  Rocket  motor  -  payload  lystom 
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ACTUAL  RESPONSE 


Fig.  14.  Test  item  response  to  tield  excitation 
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Fig.  15.  Foundation  blocked  force 
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ACTUAL  RESPONSE 


SIMULATED  RESPONSE 

Fig.  17.  Simulated  and  field  responses 

*  *  ♦ 
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CONTROL  POINT  AVERAGING  FOR  LARGE 
SPECIMEN  VIBRATION  TESTS 


Herbert  R.  Berkman 
Litton  Systems,  Inc. 
Van  Nuys,  California 


Vibration  tests  currently  being  performed  on  a  large  computer  programmer 
employ  an  averaging  system  for  input  control.  The  effectiveness  oi  this  sys¬ 
tem  in  conjunction  with  a  large  test  fixture  has  been  evaluated  through  pre¬ 
liminary  tests  with  a  mockup  specimen.  Arguments  are  presented  in  favor  of 
the  averaging  concept  as  a  valid  test  method,  with  emphasis  on  defining  new 
terminology  to  relate  specified  vibration  levels  directly  to  the  averaged  con¬ 
trol  level.  Data  acquired  in  the  tests  is  presented  in  a  manner  particularly 
suited  for  averaged  control  and  is  used  to  emphasize  the  difficulty  in  applying 
a  specified  environment  uniformly  in  a  large  package  teBt.  A  system  of  de¬ 
fining  the  range  of  variation  allowable  between  the  averaged  control  points  is 
presented  which  is  then  directly  related  to  a  proposed  new  tolerance  term 
which,  if  incorporated  into  future  specifications  or  amended  to  present  ones, 
would  allow  averaging  to  become  more  universally  acceptable. 


INTRODUCTION 

The  conception  of  controlling  the  input  level 
to  a  vibration  test  by  sensing  the  levels  at  more 
than  one  point  and  using  their  average  value  as 
the  control  signal  to  the  servo  is  not  new.  It 
probably  occurred  to  the  first  test  engineer  who 
ever  encountered  a  fixture  resonance.  It  has 
found  widespread  usage  oniy  recently,  primarily 
because  of  a  scarcity  of  reliable  equipment  de¬ 
signed  specifically  for  this  purpose.  This  prob¬ 
lem  has  now  nearly  been  eliminated  by  an  out¬ 
pouring  of  new  products  from  instrumentation 
manufacturers. 

This  presentation  is  an  effort  toward  analyz¬ 
ing  the  uses  and  limitations  of  the  technique  of 
averaging,  defining  its  unique  conceptions  and 
terminology,  and  promoting  general  acceptance 
of  its  validity  throughout  the  testing  community. 
The  discussion  is  based  on  recent  experience  in 
planning  qualifications  tests  on  a  large  elec¬ 
tronic  package  now  being  developed  at  Litton 
Industries,  Data  Systems  Division. 

The  equipment  being  tested  is  an  advanced 
airborne  microelectronic  computer  program¬ 
mer.  Its  physical  size  is  about  4  ft  long,  4  ft 
high,  and  1.5  ft  deep.  It  weighs  approximately 
600  lb  and  is  mounted  on  a  unique  isolation  sys¬ 
tem  which  is  C.G.  oriented  in  two  axes,  but  is 
quite  asymmetric  in  the  third.  The  character¬ 
istics  of  this  mounting  system  were  one  of  the 


major  factors  preventing  the  specimen  from 
being  placed  on  its  side  to  attain  a  lower  pro¬ 
file  during  vibration  testing. 

In  order  to  conduct  this  test  properly,  it 
was  necessary  to  design  and  iabricate  a  large 
fixture.  The  required  dimensions  of  the  fixture 
made  it  obvious  that  resonance  would  occur 
within  the  500-Hz  test  range  and  that  definition 
of  control  point  locations  would  be  a  serious 
problem;  hence  the  technique  of  a  multiple- 
point-averaged  control  system  was  proposed. 
After  much  discussion,  the  many  technical  and 
philosophical  doubts  regarding  the  validity  of 
this  method  were  dispelled,  and  averaging  was 
incorporated  into  the  test  plan.  Preliminary 
tests  have  been  conducted  to  evaluate  both  the 
fixture  and  control  system.  The  resulting  data 
which  is  presented  graphically  here  emphasizes 
the  efficacy  of  this  method  for  conducting  a 
better  under  stood  and  more  well- controlled  test. 


RATIONALE  FOR  '•'RAGING 

In  developing  a  vibration  test  plan,  a  basic 
step  is  to  decide  at  which  points  of  the  speci¬ 
men  levels  are  to  be  applied.  Normally  this  is 
"the  point"  at  which  the  unit  attaches  structurally 
to  the  source  of  environment,  be  it  a  building,  a 
vehicle,  a  shaker,  or  a  test  fixture.  This  point, 
which  is  actually  several  points  or  even  a  dis¬ 
tributed  area,  is  easily  definable  for  relatively 
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small  Items  having  a  characteristic  dimension 
no  larger  than,  say,  the  diameter  of  the  shaker 
head.  In  this  range,  it  is  not  unreasonable  to 
assume  that  the  vibration  at  the  source  is  essen¬ 
tially  the  same  at  each  of  the  attachment  points. 
As  the  size  of  the  specimen  (and  necessarily  of 
the  fixture)  becomes  larger  than  this  arbitrary 
threshold,  the  assumption  is  no  longer  valid.  It 
becomes  increasingly  absurd  to  speak  in  terms 
of  "the”  input  point,  since  there  are  as  many  in¬ 
put  points  as  there  are  load- carrying  attachment 
points,  and  they  each  may  be  receiving  a  differ¬ 
ent  input. 

It  is  a  common  misconception  that  the  only 
reason  this  occurs  is  that  fixture  resonances 
may  exist  within  the  test  range  because  the  fix¬ 
ture  has  been  improperly  designed.  Hence  any 
plea  for  averaged  control  is  considered  an  ad¬ 
mission  of  failure.  Those  whc  adhere  to  this 
line  of  thought  have  probably  not  had  a  first¬ 
hand  opportunity  to  design  a  large  vibration  fix¬ 
ture  and  are  thus  unaware  of  the  tremendous 
tradeoffs  required  to  attain  that  next  50  or  100 
Hz  of  resonance- free  performance.  A  seldom 
considered  point  is  that  even  at  frequencies  be¬ 
low  resonance  there  are  significant  differences 
in  response  at  the  various  locations. 

The  most  obvious  cause  of  this  is  dynamic 
unbalance  of  the  test  specimen  caused  by  the  in¬ 
dividual  resonances  of  its  component  masses. 

Any  large  specimen  is  bound  to  be  made  up  of  a 
multitude  of  smaller  components,  subassemblies, 
and  removable  modules,  each  of  which  may  reso¬ 
nate  and  cause  the  effective  C.G.  to  be  constantly 
shifting.  Unless  the  fixture  is  several  times 
more  massive  than  the  specimen,  which  seldom 
occurs  because  of  shaker  force- pound  limita¬ 
tions,  It  will  tend  to  deform  under  the  eccentric 
loading. 

Another  more  significant  cause  of  variation 
between  input  locations  which  occurs  in  the 
Litton  test  is  eccentricity  in  specimen  mount¬ 
ing.  Although  It  is  almost  axiomatic  that  equip¬ 
ment  should  be  mounted  in  such  a  way  that  it  is 
balanced  about  its  C.G.  and  no  rotational  modes 
are  introduced,  this  cannot  always  be  accom¬ 
plished  in  practice.  The  result  Is  that  eccen¬ 
tricities  do  occur,  rotational  modes  do  occur, 
and  asymmetrical  loads  must  be  accomodated 
In  most  of  our  large  vacation  fixtures.  The 
larger  the  fixture,  the  greater  the  deformations 
that  may  be  caused  by  these  loads.  Generally, 
the  best  that  the  fixture  designer  can  do  without 
knowing  the  modes  before  the  test  is  to  align  the 
static  C.G.  of  the  fixture- specimen  system  with 
the  centerline  of  the  shaker.  If  some  response 
information  is  known  beforehand,  the  designer 
may  be  able  to  account  for  its  effect  by 


compromising  on  the  static  alignment.  It  is, 
however,  impossible  to  design  against  eccen¬ 
tricity  at  all  frequencies. 

Not  only  must  it  be  conceded  that  even  the 
best  fixture  ..ill  display  some  point-to-point 
variation,  but  it  must  be  remembered  that  the 
conception  erf  the  infinitely  rigid  test  fixture  has 
itself  always  been  open  to  doubt.  It  is  self- 
evident  that  the  very  idea  of  providing  an  iden¬ 
tical  environment  at  each  attachment  point  is 
something  that  could  never  happen  in  actual 
service,  and  that  the  derived  specification  is 
only  an  approximation  of  the  real  environment. 

In  light  of  these  phenomena  there  is  still  an 
inescapable  decision  to  be  made  as  to  where  to 
control  the  vibration  environment.  Depending 
on  who  makes  the  decision,  the  results  of  the 
test  could  be  drastically  different.  If  it  is  the 
equipment  designer,  he  may  be  quite  sensitive 
to  the  possibility  of  exceeding  the  environment 
and  choose  a  point  which  will  cause  attenuation 
at  all  other  points.  The  customer  on  the  other 
hand  may  be  concerned  about  undertesting  and 
choose  a  point  which  will  avoid  attenuation,  but 
will  allow  amplification.  Accordingly,  the  speci¬ 
men  may  pass  the  test  in  the  first  case  and  fail 
in  the  second.  To  avoid  these  extremes  some 
compromise  must  be  reached.  This  generally 
requires  a  thorough  resonance  survey  of  the 
fixture,  followed  by  an  agreement  that  the  con¬ 
trol  point  will  be  changed  from  one  point  to 
another  for  particular  frequency  bands.  This  is 
a  very  cumbersome  process  and  usually  leads 
to  tremendous  confusion  in  Interpreting  the  test 
data.  For  example,  calculating  transmissibility 
to  various  points  on  the  specimen  must  take  into 
account  that  the  input  changed  at  certain  fre¬ 
quencies.  Of  course,  this  method  cannot  be  used 
at  all  for  random  vibration. 


TERMINOLOGY 

The  conception  of  averaging  offers  a  logical 
solution  to  the  dilemma  of  deciding  the  input 
location  and,  In  so  doing,  removes  all  of  the 
arbitrariness  associated  with  such  a  decision. 

In  using  the  conception,  however,  a  new  domain 
of  terminology  is  introduced  which  requires 
definition  and  understanding.  This  terminology 
is  unique  in  that  it  allows  reference  to  the  speci¬ 
fied  environment  as  an  abstract  environmental 
field  which  does  not  exist  at  any  given  point  but 
is  present  only  as  a  property  of  the  fixture  and 
specimen  regarded  as  an  interrelated  system. 

Specifically  the  terms  which  are  introduced 

are: 
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1.  Test  system 

2.  Field  of  excitation 

3.  Averaged  control  points 

4.  Averaged  control  level 

5.  Averaged  control  signal 

6.  Range  of  variation 

7.  Limits  of  allowable  variation 

They  may  be  defined  as  follows: 

1.  Test  system— the  overall  vibrating 
structural  complex  composed  of  the  shaker 
armature,  the  test  fixture,  and  the  specimen, 
which  is  used  to  provide  a  particular  field  of 
excitation  to  the  specimen; 

2.  Field  of  excitation— the  abstract  vibra¬ 
tory  environment  to  which  the  specimen  is  to  be 
exposed  through  its  structural  attachments  to  the 
test  system;  this  is  simply  the  input  spectrum 
as  defined  for  single- point  control  plus  a  toler¬ 
ance  in  terms  of  allowable  variation. 

3.  Averaged  control  points— those  locations 
on  the  fixture  through  which  load  is  applied  to 
the  specimen  and  which  are  to  be  instrumented 
with  vibration  transducers  connected  into  the 
averaging  instrumentation  and  servo  control 
system; 

4.  Averaged  control  level— the  magnitude  of 
the  absolute  value  average  of  the  vibratory  levels 
at  each  of  the  averaged  control  points;  ideally, 
this  is  equal  at  all  frequencies  to  the  value  of 
the  field  of  excitation. 

5.  Averaged  control  signal— the  output  of 
the  averaging  device  which  is  used  as  the  feed¬ 
back  to  the  servo  control  system;  this  signal  is 
calibrated  to  be  proportional  to  the  averaged 
control  level. 

6.  Range  of  variation— the  positive  and 
negative  values  by  which  the  levels  at  the  aver¬ 
aged  control  points  differ  from  the  actual  aver¬ 
aged  control  level,  expressed  as  a  ratio,  log 
ratio,  or  percentage:  e.g.,  t2  to  1,  *3  db,  or 
*50  percent; 

7.  Limits  of  allowable  variation— the  posi¬ 
tive  and  negative  values  by  which  the  levels  at 
the  averaged  control  points  are  allowed  to  differ 
from  the  specified  field  of  excitation,  expressed 
as  a  ratio,  log  ratio,  or  percentage. 


At  first  glance  the  necessity  of  each  of 
these  definitions  may  not  be  apparent.  The  def¬ 
initions  themselves  may  even  seem  rather 
pompous  and  superficial  in  relation  to  present 
usage.  Nevertheless,  in  order  to  transform 
this  technique  from  its  present  status  as  a 
tricky  method  of  dealing  with  fixture  resonance 
into  a  useful,  philosophically  acceptable  test 
method,  the  stigma  that  we  are  tampering  with 
the  intent  of  the  specification  must  be  erased. 

In  the  past,  whenever  the  state  of  the  art  has 
been  advanced  and  new  test  equipment  has  been 
developed,  new  methods  had  to  be  developed  for 
using  it.  We  now  have  the  equipment  for  aver¬ 
aging,  but  the  methods  are  still  undefined. 

By  referring  to  a  "test  system"  we  are 
better  able  to  comprehend  that  the  shaker,  fix¬ 
ture,  and  specimen  are  dynamically  interrelated 
and  that  what  we  are  basically  trying  to  do  is 
control  the  average  level  of  excitation  at  a  given 
interface  within  the  system.  Since  that  interface 
possesses  unique  response  characteristics,  it  is 
thus  subjected  not  to  a  particular  level  at  a  point 
but  to  the  field  of  excitation.  The  terms  aver¬ 
aged  control  points  and  averaged  control  signal 
are  straightforward  and  are  defined  simply  as 
an  aid  to  communication. 

The  value  of  the  averaged  control  level  is  a 
direct  indication  of  the  accuracy  of  the  averag¬ 
ing  method.  That  accuracy  is  a  direct  function 
of  the  type  of  circuitry  and  its  ability  to  respond 
to  rapidly  changing  signals.  Of  course,  if  the 
averaging  is  ideal,  the  accuracy  is  directly  pro¬ 
portional  to  the  number  of  points  being  averaged. 

The  range  of  variation  is  a  redefinition  of  a 
key  conception  used  in  averaging.  This  term  is 
a  physical  property  of  a  given  test  system.  It 
is  a  function  of  the  mechanical  impedance  be¬ 
tween  the  fixture  and  specimen  and  as  such  is 
affected  by  the  stiffness  oi  each  and  by  the 
damping  and  any  dynamic  unbalance  in  the  sys¬ 
tem.  It  probably  is  quite  nonlinear  with  changes 
in  averaged  control  level. 

The  limits  of  allowable  variation,  or  simply 
the  allowable  variation,  have  nothing  whatsoever 
to  do  with  the  test  system.  It  is  purely  a  speci¬ 
fied  tolerance  to  be  met  in  conducting  the  test. 
This  is  the  club  which  the  specification  writer 
holds  over  the  test  engineer  and  which  keeps 
this  method  from  becoming  a  justification  for 
poor  fixtures.  The  fixture  designer,  although  he 
is  not  required  to  produce  a  purely  resonance- 
free  fixture,  must  assure  the  imposers  of  the 
specification  that  his  range  of  variation  is  within 
their  limitr  of  allowable  variation  or  at  least 
reasonably  close  to  it.  This  may  not  be  any 


77 


easier  to  do,  but  there  is  now  a  well-defined 
basis  for  negotiating  their  differences  about  how 
good  the  fixture  mutt  be. 

The  problem  with  implementing  this  philos¬ 
ophy  is  that  specifications  do  not  define  the  al¬ 
lowable  limits.  MI L- STD-8 10A,  Method  514.1, 
contains  a  reference  to  averaging  which  amounts 
to  nothing  more  than  recognition  tiiat  there  is 
such  a  thing  and  that  it  is  allowable  (1).  The 
test  engineer  is  left  completely  on  his  own  to 
decide  that  his  test  is  large  enough  to  warrant 
averaging,  to  decide  how  much  variation  to 
allow,  and  to  convince  his  customer  that  there 
is  nothing  sacred  about  the  specification.  The 
important  thing  is  that  ali  parties  are  assured 
that  the  hardware  possesses  the  integrity  to  per¬ 
form  its  function  and  survive  under  the  extremes 
of  its  service  environment  as  approximated  by 
the  specification. 


TEST  EQUIPMENT  AND 
INSTRUMENTATION 

The  test  of  the  Litton  computer  programmer 
is  being  conducted  using  a  Ling  A249  shaker  and 
associated  instrumentation  acquired  for  this  pro¬ 
gram.  Figures  1,  2,  and  3  show  the  physical 
arrangement  of  the  fixtures  in  each  of  the  three 
test  axes.  In  the  horizontal  axes  the  fixture  is 
mounted  on  four  team  tables.  The  object  mounted 
in  the  fixture  for  these  evaluation  tests  was  a 
wooden  mockup  simulating  the  weight  and  C.G. 
of  the  actual  computer  programmer.  The 


specimen  is  attached  to  the  fixture  through  the 
10  isolator  mounts  distributed  along  the  lower 
inboard  edge  and  the  10  isolator  mounts  dis¬ 
tributed  along  the  upper  outboard  edge. 

The  structural  requirements  of  the  aircraft 
include  those  for  possible  arrested  landings  and 
thus  do  not  allow  vertical  loads  be  carried  in 
the  area  of  the  upper  attachment  of  the  computer 
programmer.  The  upper  mounts  are  therefore 
attached  to  the  aircraft  through  an  articulated 
hinge  and  drag  beam  assembly.  This  is  simu¬ 
lated  on  the  fixture  by  a  stainless  steel  flexural 
element.  The  upper  mounts  are  sandwich  type 
which  operate  in  shear  oniy,  and  ail  vertical 
load  is  carried  out  through  the  lower  mounts. 
The  result  is  a  C.G.  isolated  system  at  26  Hz  in 
the  x  and  y  axes  (see  Fig.  4).  In  the  z  axis, 
however,  there  is  also  a  prominent  rotational 
mode  at  45  to  50  Hz. 

The  modes  of  Isolation  do  not  significantly 
affect  the  fixture,  but  there  is  a  secondary  re¬ 
quirement  that  the  specimen  be  tested  hard- 
mounted  (2).  To  do  this  the  isolators  are  re¬ 
placed  by  similarly  shaped  solid  aluminum 
mounts.  The  result  of  this  mounting  is  the  de¬ 
velopment  of  rigid  body  modes  between  75  and 
100  Hz  which  do  significantly  affect  the  fixture. 

With  this  method  of  mounting  there  are  20 
discrete  load-carrying  attachment  points  (10  In 
z  axis),  each  of  which  could  be  a  legitimate  sin¬ 
gle  accelerometer  control  point.  To  average 
all  of  them  is  beyond  the  capacity  of  present 


Fig.  1.  Computer  programmer  fixture  mounted 
in  x  axis 
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Fig.  Z.  Computer  programmer  fixture 
mounted  in  y  axis 
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Fig.  3.  Compute”  programmer 
fixture  mount,  d  in  z  axis 
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Fig.  4.  Mounting  configuration  of  airborne  computi  r  programmer 


equipment  and  would  be  prohibitive  in  cost  and 
complexity.  Therefore,  six  locations  were  pro¬ 
vided  on  the  fixture  for  possible  attachment  of 
a  control  accelerometer.  These  are  shown  in 
Fig.  5.  Of  the  six  locations  provided,  in  the  x 
and  y  axes  only  four  (FI,  F‘J,  F4,  and  F6)  were 
actually  used  in  the  test  because  of  limitations 
in  equipment  availability.  In  the  z  axis  only 
three  locations  (FI,  F2,  F3)  were  used  since  the 
load  is  applied  only  through  the  bottom  mounts 
as  described  earlier. 

Figure  6  shows  the  entire  instrumentation 
system,  including  control  and  averaging  fea¬ 
tures  as  well  as  the  data  acquisition  and  plotting 
system.  The  heart  of  the  system  is  the  Unholtz- 
Dickie  MAC-6B  averager  feeding  into  the  spec¬ 
tral  Dynamics  SD-104,  -105  sweep  oscillator 
servo  system.  The  averaged  control  acceler¬ 
ometer  signals  each  pass  through  a  10- Hz 
Spectral  Dynamics  SD-101A  tracking  filter 
prior  to  entering  the  MAC-6B.  The  MAC-6B 
''.oes  not  itself  average  the  signals.  What  it 
does  is  multiplex  them  with  a  sampling  rate 
synchronized  to  the  fundamental  excitation  fre¬ 
quency.  The  synchronization  is  necessary  to 
insure  that  one  full  cycle  of  each  signal  is 
sampled  at  all  frequencies.  This  precludes  in¬ 
troducing  extraneous  frequency  components 
which  are  functions  of  the  campling  rate.  Os¬ 
cilloscope  traces  of  the  multiplexed  output  of 
the  MAC-6B  are  shown  in  Fig.  7. 


The  multiplexed  signal  is  then  coupled  into 
the  acceleration  channel  of  the  SD-105  servo 
where  it  undergoes  detection  within  the  meter 
circuit,  and  a  value  is  indicated  at  the  acceler¬ 
ation  meter  which  is  proportional  to  the  abso¬ 
lute  value  average  of  the  accelerometer  signals 
(averaged  control  level). 

Since  several  crossovers  from  acceleration 
to  displacement  are  required  by  the  isolated 
specimen,  the  Line  MLP-101  multilevel 
programmer  was  used.  At  first,  an  effort  was 
made  to  control  constant  displacement  from  the 
averaged  control  signal  (which  is  the  MAC-6B 
output),  but  since  this  would  require  the  SD-105 
to  double  integrate  the  multiplexed  signal,  it 
could  not  be  done.  Instead,  a  separate  acceler¬ 
ometer  was  placed  chi  the  shaker  head  and  cou¬ 
pled  directly  to  the  SD-105,  where  its  output 
was  double  integrated  to  provide  a  displacement 
signal.  Thus  averaging  was  performed  only 
during  the  constant  acceleration  portions  of  the 
spectrum. 


PROCEDURE 

The  specified  environments  for  the  hard- 
mounted  and  the  isolated  conditions  were  from 
MIL-T-5422E,  Curves  II  and  IV,  respectively 
(2).  These  spectra  were  transformed  into  fields 
of  excitation  inputs  by  adding  the  arbitrary 
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Fig.  S.  Location  of  averaged  control  points 
on  computer  programmer  fixture 
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Fig.  6.  instrumentation  diagram  for  computer  programmer  vibration  test 


allowable  variation  bands  as  shown  in  Figs.  8 
and  9.  These  have  the  values  of  :3db  up  to 
300  Hz  and  t6db  from  300  to  500  Hz.  The  value 
of  the  band  was  based  on  expected  fixture  per¬ 
formance,  which  was  determined  from  a  pre¬ 
vious  series  of  tests  (3). 

In  all  other  respects,  the  test  procedure 
conformed  accurately  to  the  MIL-T-5422E 
methods,  i.e.,  logarithmic  frequency  sweeps 
were  performed  (rom  5  to  500  Hz  in  7.5  min 
(.27  decades/min  (2).  The  signals  from  each 
control  accelerometer,  as  well  as  those  which 
were  not  averaged,  and  six  others  mounted  to 
monitor  crosstalk  were  recorded  simultaneously 
on  the  Visicorder  and  FM  magnetic  tape  during 
sweeps  from  5  to  500  Hz.  The  Visicorder  traces 
were  used  for  "quick  look"  to  insure  that  the 
data  were  being  recorded  properly  and  that 
proper  range  settings  were  being  used.  The 
magnetic  tapes  were  later  replayed  through  a 
10-Hz  tracking  filter  and  reduced  to  x-v  plots. 
Modulated  frequency  reference  data  and  voice 
annotation  were  recorded  on  a  single  AM  chan¬ 
nel  as  shown  in  Fig.  6. 

A  problem  was  encountered  in  obtaining  x-v 
plots  of  the  averaged  control  levels.  The  averaged 


control  signal  was  recorded  at  the  multiplex 
output  of  the  MAC-6B  before  being  averaged  by 
the  SD-105.  Although  the  result  of  the  averag¬ 
ing  process  was  observable  at  the  SD- 105  accel¬ 
eration  meter,  there  is  no  output  provision  for 
recording  this  metered  signal.  A  solution  was 
evolved  by  playing  the  multiplex  signal  into  a 
true  rms  meter,  patching  the  output  of  the 
meter's  square- law  amplifier  into  the  x-v  plot¬ 
ting  system,  and  calibrating  the  recorder  to  the 
proper  level.  This  gives  a  permanent  record 
of  the  actual  averaged  control  level  for  each 
sweep. 


RESULTS 

An  example  of  the  data  obtained  is  shown  in 
Fig.  10  for  the  x  axis,  isolated.  The  four  super¬ 
imposed  curves  are  the  outputs  of  the  four  ac¬ 
celerometers  at  averaged  control  points  FI, 

F3.  F4.  and  F6.  It  is  notable  that  the  range  of 
variation  at  frequencies  below  80  Hz  was  so 
narrow  that  it  could  be  represented  by  a  single 
line.  The  information  lost  by  using  the  single 
accelerometer  Iron  5  to  20  Hz  and  from  33  to 
73  flz  is  negligible.  Il  is  quite  obvious  what 
would  occur  it  anv  one  oi  these  locations  had 
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Fig.  7.  Typical  multiplex  outputs  from 
MAC-6B  averager 


been  used  for  single- point  control.  For  in¬ 
stance,  controlling  at  F3  would  have  caused  a 
tremendous  amplification  at  310  Hz  at  location 
F6  and  an  unacceptable  attenuation  at  390  Hz  at 
location  F4. 

This  type  of  display  is  rather  confusing, 
especially  when  six  or  more  points  are  involved. 
In  order  to  emphasize  the  range  of  variation, 
which  is  now  a  significant  property  of  the  sys¬ 
tem,  it  is  a  simple  matter  to  envelop  the  upper 
and  lower  boundaries  of  the  superimposed 
curves  and  ignore  the  data  between  unless  they 
are  needed  for  some  specific  reference.  Then, 
by  adding  the  curve  of  averaged  control  level  we 
have  a  complete  graphical  display  of  the  test 
system  response  when  the  specified  field  oi  ex¬ 
citation  is  imposed  across  its  averaged  control 
points.  This  is  the  type  of  display  shown  in 
Fig.  11  through  16  with  the  limits  of  allowable 
variation  superimposed  for  all  three  axes,  both 
hardmounted  and  isolated. 


In  this  test  it  is  immediately  obvious  that 
the  range  cl  variation  exceeds  the  allowable 
variation  at  several  frequencies.  (It  should  be 
noted  that  subsequent  to  obtaining  these  data, 
fixture  improvements  have  been  made,  but  have 
not  yet  been  released.)  There  are  several 
avenues  now  open  to  dealing  with  this  situation. 
The  two  most  obvious  would  be  either  to  relax 
the  allowable  variation  or  to  make  improvements 
in  the  fixture,  such  as  adding  damping  to  narrow 
the  range  of  variation  at  fixture  resonance  or 
adding  stiffness  to  increase  the  frequencies  of 
resonance.  Another  approach  is  to  examine  both 
the  response  of  the  specimen  and  measurements 
of  the  actual  service  environment  and  determine 
if  the  frequencies  at  which  the  allowable  varia¬ 
tion  is  exceeded  coincide  with  either  a  critical 
excitation  or  specimen  response  frequency.  If 
not,  the  wide  variations  could  be  allowable,  par¬ 
ticularly  if  the  bandwidth  Is  quite  narrow,  as  in 
the  y  axi3  hardmounted  data  at  400  Hz  (Fig.  14). 
Examination  of  the  data  at  each  control  point 
may  Indicate  that  the  particular  excessive  varia¬ 
tion  occurred  at  only  one  relatively  unimportant 
location.  A  thud  alternative  would  be  to  use  a 
weighted  average  so  as  to  increase  the  effect  of 
one  or  more  control  locations  with  respect  to 
others.  This  would  have  the  effect  of  raising  or 
lowering  the  entire  range  of  variation  envelope. 

Examining  Figs.  12  and  14  more  closely, 
particularly  in  the  range  from  70  to  200  Hz,  it 
is  evident  that  there  is  a  surprising  amount  of 
point-to-  point  variation  in  this  range.  This  is 
the  area  of  hardmounted  rigid-body  modes  men¬ 
tioned  earlier.  We  know  from  direct  observa¬ 
tion  during  the  tests  that  the  resonant  frequen¬ 
cies  of  the  fixture  are  above  250  Hz;  thus  these 
low-frequency  deformations  are  caused  by  the 
fixture  reacting  to  the  modes  of  the  hardmounted 
specimen  itself.  This  is  a  perfect  illustration 
of  the  earlier  statement  that  fixture  resonance 
is  not  the  only  cause  of  control  problems. 


CONCLUSION 

It  Is  difficult  to  deny  that  averaging  control 
is  a  tremendous  aid  for  increasing  our  under¬ 
standing  of  the  effect  of  fixture  response  on 
test  specifications.  It  is  also  clear  that  it  has 
limitations.  One  point  above  all  others  should 
be  emphasized:  average  control  provides  com¬ 
plete  assurance  that  at  least  some  portion  of  the 
test  specimen  is  exposed  to  the  intended  test 
level  at  all  frequencies.  This  is  not  true  of 
single- point  control.  In  fact,  at  some  frequen¬ 
cies,  the  single  control  point  may  be  the  only 
point  at  the  proper  level. 
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Fig.  1Z.  Averaged  control  level  and  range  of  variation 
for  computer  programmer  fixture  (x  axis  hardmounted) 
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Fig.  13.  Averaged  control  level  and  rang*  of  variation  fo 
computer  programmer  fixture  (y  i\js  *  »l  tier!) 
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Fig.  16.  Averaged  control  level  and  range  of  variation  for 
computer  programmer  fixture  (z  as:s  hardniounted) 


Average  control  is  not  a  panacea  for  poor 
fixture  design  if  reasonable  limitations  are 
fixed  for  the  range  of  variation.  In  most  cases, 
although  some  degree  of  resonance  would  be 
allowable,  averaging  allows  the  fixture  per¬ 
formance  to  be  scrutinized  even  more  carefully 
since  the  total  response  is  on  display  at  once. 
Regarding  the  fixture  as  a  component  member 
of  an  integrated  test  system,  however,  cannot 
help  but  give  the  test  engineer  a  much  more 
realisiic  frame  of  reference  in  which  to  function. 

The  variety  of  equipment  which  is  available 
to  perform  this  type  of  test  is  increasing.  The 
system  used  in  these  tests  was  but  one  of  many 
combinations  which  could  have  been  used.  Much 
future  work  is  required  to  evaluate  the  various 
methods  of  averaging  transducer  signals  and  to 
find  those  best  suited  for  each  type  of  applica¬ 
tion.  With  all  the  instruments  available,  how¬ 
ever,  there  are  still  some  voids.  A  good  example 
is  the  lack  of  reliable  devices  for  automatically 
performing  multiple  crossovers  in  a  single 


sweep  without  exceeding  the  dynamic  range  of 
the  servo  system. 

It  is  the  author’s  hope  that  this  presentation 
will  inspire  others  to  comment  on  the  use  of 
averaging  control  systems  and  on  the  validity 
of  the  definitions  presented  here.  It  would  be  a 
significant  step  forward  if  the  methods  outlined 
here  could  gain  in  acceptance  and  find  universal 
usage  at  all  laboratories  dealing  with  large  pack¬ 
age  tests. 

ACKNOWLEDGMENTS 

The  author  is  indebted  to  the  management 
of  the  Litton  Data  Systems  Division's  Equipment 
Engineering  Department  and  of  the  Engineering 
Project  Office  for  their  support  and  encourage¬ 
ment.  Credit  is  also  due  to  George  Schaechtel 
of  the  Equipment  Engineering  Analysis  Group  for 
his  aid  in  obtaining  and  preparing  the  data,  as 
well  as  to  Angelo  Spandrio  of  the  Point  Mugu 
Environmental  Laboratory  for  his  assistance. 


I 


87 


REFERENCES 


1.  MIL- STD- 8 10  (US AF) ,  "Military  Standard,  3.  H.  R.  Berkman,  "Computer  Programmer 

Enviroomental  Test  Methods  (or  Aerospace  Preliminary  Fixture  Evaluation,"  Litton, 

and  Ground  Equipment,"  June  1964  DSD,  Engineering  Test  Rept.  546100-789, 

Sec.  A,  Dec.  1966 

2.  MIL-T-5422E  (ASG),  "Military  Specifica¬ 
tion,  Testing,  Environmental,  Aircraft 
Electronics  Equipment,"  Apr.  1959 


DISCUSSION 


Mr.  Arone  (Wyle  Laboratories);  On  your 
instrumentation  system  you  showed  one  accel¬ 
erometer  for  your  displacement  control  at  the 
low  frequency  end  which  looked  like  it  was  ciose 
to  the  head  ol  the  shaker.  You  then  switched 
over  to  your  average  control  at  around  50  cycles 
or  so.  Is  there  any  particular  reason  why  you 
didn’t  use  a  program  to  control  your  average 
aii  the  way  through  your  spectrum? 

Mr.  Berkman:  This  was  mostiy  a  matter 
of  using  the  instrumentation  available  to  us. 

We  didn’t  have  anything  that  would  take  accel¬ 
erometer  signals  and  double  integrate  to  give 
displacement.  We  didn’t  feel  that  it  was  needed 
at  the  low  end  because  there  wasn’t  very  much 
variation.  We  haven’t  lost  very  much  accuracy. 

Mr.  Scharton  (Bolt  Beranek  &  Newman):  I 
would  like  to  commend  you  for  your  finepresen- 
tation  of  these  very  novel  ideas.  I  have  been  in 


favor  of  these  ideas  for  several  years.  As  you 
say,  the  main  problem  comes  down  to  controlling 
these  variations  from  point  to  point  when  you 
control  on  the  average.  One  interesting  thing 
that  I  would  like  to  point  out  is  that  you  can  show 
that  the  magnitude  of  the  spatial  variations  at  a 
single  frequency  is  proportional  to  the  number 
of  vibration  modes  of  the  fixture  activated  si¬ 
multaneously.  So,  if  a  fixture  is  vibrating  in  one 
mode  you  will  have  quite  a  large  variation, 
whereas  if  the  fixture  is  vibrating  in  ten  modes 
the  spatial  variations  will  be  quite  small.  This 
is  what  has  led  us  at  Bolt  Beranek  &  Newman  to 
look  at  a  way  of  developing  fixtures  that  would 
have  a  lot  of  vibration  modes,  thereby  reducing 
this  spatial  variation  illustrated  in  your  slides. 

Mr,  Berkman:  This  is  very  interesting.  I 
thought  about  trying  to  develop  a  way  of  coming 
ciose  to  simulating  an  actual  structure,  but 
ther  are  too  many  parameters.  It  is  almost 
impossible. 

* 
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VIBRATION  METHODS  FOR  MULTIPLE  RANDOM  EXCITATION 


William  E.  Noonan 
McDonnell  Company 
St.  Louis,  Missouri 


An  investigation  was  conducted  to  establish  a  method,  through  applications  of  im¬ 
pedance  techniques,  for  controlling  a  random  environment  resuliing  from  multiple 
excitation.  The  output  power  spectral  density  (PSD)  of  a  linear  system  was  ex¬ 
pressed  in  terms  of  system  functions,  input  PSD's,  and  their  cross  PSD's. 

A  theoretical  model  was  constructed,  and  the  most  simple  multiple  system  (two  de¬ 
grees  of  freedom)  was  selected.  The  system  response  was  determined,  and  the  ef¬ 
fects  of  uncorrelated  and  correlated  forcing  functions  demonstrated.  A  result  of 
this  investigation  revealed  that  arbitrary  output  PSD's  cannot  be  obtained  for  inde¬ 
pendent  applied  sources.  Arbitrary  output  spectra  can  impose  a  negative  energy 
reouirement  on  independent  sources. 

Experimental  tests  were  ‘~onducted  or.  a  free-free  beam  System  functions  were 
obtained  through  sinusoidal  tests  and  were  used  in  predicting  the  random  response. 
The  only  independent  parameter  in  the  experimental  system  was  the  power  ampli¬ 
fier  input  voltages.  Random  tests,  conducted  for  uncorrelated  power  amplifier  in¬ 
put  voltages,  resulted  in  good  correlation  between  predicted  and  measured  response. 

Using  the  results  of  the  theoretical  and  experimental  investigations,  a  proposed  test 
method  is  described  for  multiple  random  excitation. 


INTRODUCTION 

The  present  trend  in  vibration  testing  of 
large  specimens  is  toward  tiie  employment  of 
multiple  energy  sources.  This  applies  whether 
these  sources  are  vibration  exciters  or  acoustic 
transducers. 

Currently,  random- vibration  tests  on  vehi¬ 
cle  components  are  conducted  by  applying  a 
specified  acceleration  power  spectral  density 
(PSD)  using  a  single  vibration  source.  These 
specified  acceleration  spectra  are  obtained  by 
enveloping  flight  data  obtained  from  flights  of 
actual  or  similar  vehicles.  For  single  excita¬ 
tion,  the  control  problem  is  concerned  with  only 
oue  system  function.  (System  function  is  de¬ 
fined  as  the  transfer  function  or  frequency  re¬ 
sponse  function,  both  amplitude  and  phase.)  The 
application  of  more  than  one  vibration  source 
results  in  multiple  system  functions. 

This  paper  investigates  the  problems  of 
multiple  excitation  and  resolves  these  prob¬ 
lems  into  a  test  procedure.  The  investigation 
is  directed  toward  the  application  of  impedance 
techniques.  The  question  of  phase  is  resolved 
in  the  consideration  of  cross  PSD's.  A  the¬ 
oretical  investigation  is  made  into  the  response 


of  a  two- degree- of- freedom  system  when 
subjected  to  multiple  random  excitation,  and 
the  results  of  this  investigation  are  experi¬ 
mentally  applied  to  a  physical  system  in  the 
laboratory. 

This  paper  represents  a  summary  of  the 
entire  investigation.  Detailed  descriptions  of 
the  investigation  and  complete  results  sre  pre 
sented  in  Ref.  1 1] . 


RESPONSE  OF  A  LINEAR  SYSTEM 
TO  MULTIPLE  RANDOM  INPUTS 

The  infinitesimal  output  time  function 
|  itf(  t  )o]  of  a  linear  system  can  be  expressed 
as  a  function  of  the  input  time  function  |  f(  t )  (  ) 
and  the  unit  impulse  response  |  b<  t  >)  |  2| : 

f(  ■),.!•  h(t  -■  )  (1) 

By  summing  all  of  the  infinitesimal  outputs 
from  the  beginning  to  the  time  t ,  the  output  time 
function  can  be  expressed  as  a  cumulative  func¬ 
tion  of  the  input: 

f(  t  )n  f  ft  ■ ),  b(  t  ■  >  .1  (2) 
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Note  that  the  instantaneous  output  of  the  system 
is  dependent  on  everything  which  has  occurred 
previously. 

Using  the  above  relations,  the  output  auto¬ 
correlation  function  (R  >o  j  can  be  expressed 
as  a  function  of  the  input  autocorrelation: 

K<  )c  lira  J  lit  J)(  i  >  f(  t  -  :  ),  d: 
r  ' 

■  I  h(  ■)  f(t  •  . 


RC)0  l  lt(  <!■  1  h(  •)  d  PC  .  (3) 


°  __  o  i  o  i  i 

Sf  I >,  H<  >,  )  and  s<  f )  are  square  s  •  % 

o  i 

complex  matrices;  H(  )  is  the  conjugate  system 

o  i 

function  matrix  and  Hi  >'  is  the  transpose  of 
the  system  function  matrix. 

Equation  (7)  gives  the  relation  for  the  out¬ 
put  PSD's  as  a  function  of  the  system  functions, 
the  conjugates  of  the  system  functions,  and  the 
input  PSD's.  This  expression  is  used  extensively 
in  predicting  the  response  of  the  theoretical  and 
experimental  model.  The  system  functions 
which  are  a  measure  of  impedance  determine 
the  response  for  the  forcing  functions  which  can 
be  periodic,  transient,  or  random.  Of  equal 
importance  is  the  reverse  calculation.  The  in¬ 
put  forcing  functions  can  be  determined  for  de¬ 
sired  output  PSD's. 


The  above  expression  gives  the  relation  for 
the  input  to  output  autocorrelation  for  a  single 
forcing  function.  For  multiple  inputs  the  above 
steps  can  be  paralleled  tc  arrive  at  the  follow¬ 
ing  expression  |  3] : 

»  “  r’ 

E  E  brn<‘>  d' 

n  -  1  «  -  I  J-  * 

■  (  »,n<  ->  *1-  Rn„(  •  .-■•>» .  (4) 

V.  T 

where  Rnm  represents  the  crosscorrelation  of 
the  nth  and  mth  inputs,  and  Ptr(  -  )o  the  auto¬ 
correlation  of  the  -th  output. 

By  transforming  the  autocorrelation  from 
the  time  domain  to  the  frequency  domain,  the 
output  PSD  can  be  expressed  as  a  function  of 
the  input  PSD: 

N  M 

Su<f'o  E  E  »rn<2-f>  Hrra<2  f>  Snra<  '  >  1  •  <5) 

n  *  1  <1  1 

where  H(2-f)  =  system  function,  H(  >f )  =  con¬ 
jugate  system  function. 

The  cross  PSD's  between  the  r  and  s  out¬ 
put  can  be  obtained  in  a  similar  manner: 

N  M 

S"<f)o  E  E  Snm(f)r  (6) 

n  *  1  w  *  1 

Equations  (5)  and  (6)  can  be  combined  into 
a  single  matrix  form  of: 

°  o  i  oi  i  ,  _v 

S(f)  H(  )  H(  )'  S(f )  (7) 


THEORETICAL  MODEL 

A  theoretical  model  was  constructed,  and 
the  most  simple  multiple  system  (two  degrees 
of  freedom)  was  selected  [  4] .  The  system  was 
investigated  to  determine  the  effects  of  multiple 
excitation. 

The  investigation  was  directed  toward  de¬ 
termining  system  functions  and  the  effects  of 
forcing  function  correlation.  The  analyzed  sys¬ 
tem,  shown  in  Fig.  1,  was  assigned  the  follow¬ 
ing  arbitrary  values: 

1.  Undamped  natural  frequencies:  nI  2nI. 

2.  Spring  rate:  K2  2K,. 

3.  Mass:  m2  o.  sm,. 

4.  Damping  in  percentage  of  critical: 

0.5’,  -  0  025. 

The  system  functions  are  determined  by 
solving  the  equations  of  motion  and  are  ex¬ 
pressed  as  follows; 


Fig.  1.  Two-degree -of  - 
freedom  model 


(8) 

(9) 
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Curves  showing  the  response  of  the  system 
with  respect  to  F,(  t  >  are  presented  in  Fig3.  2 
and  3.  It  is  interesting  to  note  that  the  ratio  of 
the  response  of  system  2  to  system  1  is  the 
single- degree- of- freedom  response  of  mass  2. 


Fig.  3.  Two-dcgree-of-freedom  syslein 
response  to  force  excitation  at  system  1; 
phase  with  respect  to  force,  system.;  1 
and  2 


The  controlling  parameter  for  this  the¬ 
oretical  system  is  the  force  applied  to  each 
mass.  The  response  of  each  mass  is  related  to 
the  force  by  a  linear  transformation.  The  trans¬ 
formation  kernel  in  this  case  is  the  system 
function. 


Fig.  2.  Two-degree-of-freedom  system 
response  to  force  excitation  at  system  1; 
absolute  value  of  amplitude  w.th  respect 
to  force,  systems  1  and  2 


Based  on  the  system  functions  above,  the 
random  response  of  the  two-degree-of-freedom 
system  was  predicted  for  forcing  functions 
having  equal  band- limited  white  PSD's.  Figure 
4  illustrates  the  response  for  correlated  (in- 
phase)  and  incorrelated  (statistically  independ¬ 
ent)  forcing  functions.  The  effect  of  correlation 
increases  the  first  mode  response  by  3  db  and 
decreases  the  second  mode  response  by  10  db. 


REQUIRED  FORCING 
FUNCTIONS 

The  vibration  spectra  specified  for  labora¬ 
tory  test  specimens  are,  in  general,  obtained  by 
enveloping  flight-test  data.  Tnere  are  other 
considerations  in  determining  level,  but  the 
shape  of  the  PSD's  is  usually  obtained  by  en¬ 
compassing  the  peaks  in  flight-data  spectra. 

For  the  laboratory  test,  the  in-flight  distributed 
forcing  functions  are  combined  into  independent 
concentrated  forces.  Uncorrelated  forcing  func¬ 
tions  are  selected  because  the  correlation  be¬ 
tween  pressure  disturbances  approaches  zero 
as  the  distance  between  the  pressure  disturb¬ 
ances  is  increased.  Furthermore,  if  some 
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Fig.  4.  Two-degree-of-freedom  system 
response  to  multiple  random  inputs;  re¬ 
sponse  of  system  1 


degree  of  correlation  in  the  forcing  functions 
were  desired,  the  forcing  functions'  cross  PSD 
could  not  be  controlled  with  present  vibration 
control  equipment.  Therefore,  for  this  discus¬ 
sion  only  statistically  independent  vibratory 
sources  will  be  considered. 

Desired  acceleration  PSD's  are  assigned 
to  each  mass  in  the  two- degree- of- freedom 
model.  The  independent  forcing  functions  re¬ 
quired  to  obtain  these  spectra  are  computed  by 
the  following  equations: 


and  saJ  does  not  necessarily  result  in  nonnega¬ 
tive  PSD’s.  A  negative  PSD  for  sfI  and  sfJ  is 
an  unrealistic  solution.  The  ratio  of  s,,,  and 
s>2  must  lie  within  certain  bands  if  the  forcing 
function  PSD  is  to  remain  nonnegative.  For  the 
two- degree- of-freedom  system,  these  bands 
are  obtained  from  Eqs.  (13)  and  (14)  and  are 
specified  as  follows: 

s  s 

A  p—  1?  for  A  B.  A  -  —  '  B  for  A  B: 

bnl  bnl 


L 


1 


! 

i 

f 


i 


If  the  ratio  of  the  desired  PSD's  does  not 
lie  within  these  bands,  then  the  desired  spectra 
must  be  changed  if  reasonable  control  is  to  be 
achieved. 


EXPERIMENTAL  TESTS 

The  results  of  the  theoretical  investigation 
were  applied  to  a  physical  system  in  Ine  labo¬ 
ratory.  A  beam,  consisting  of  two  aluminum 
channels,  1.75  in.  by  5  tt,  bolted  to  two  alumi¬ 
num  plates,  0.25  ir..  by  3.2  to.  by  6  ft,  was  sus¬ 
pended  at  its  first  free-free  mode  nodal  lines. 

The  suspension  wires  were  approximately  10  ft 
long,  and  all  excitation  was  applied  in  the  hori¬ 
zontal  direction.  Small  50  lb  electromagnetic 
exciters  were  bonded  to  the  sides  of  the  beam 
at  the  locations  shown  in  Fig.  5.  Accelerome¬ 
ters  were  bonded  at  eacl  exciter  location  and  at 
a  third  location.  A  force  transducer  was  in¬ 
stalled  in  the  exciter  specimen  attachment  link 
to  measure  the  force  transmitted  to  the  specimen. 

System  functions,  both  amplitude  and  phase, 
were  measured  with  respect  to  the  applied  force. 
This  was  accomplished  through  sinusoidal  tests 
from  10  to  500  Hz.  Both  exciter  armatures  were 
ittached  to  the  specimen  and  connected  to  their 
lower  amplifiers  at  all  times  to  maintain  con- 
inuously  the  effects  of  the  exciter  armature  on 
he  impedance  of  the  system. 

Typical  amplitude  and  phase  response 
;urves  are  presented  in  Figs.  6  and  7.  The 


primary  bending  modes  were  112  and  252  Hz. 
The  first  torsion  mode  was  180  Hz.  The  re¬ 
sponse  of  the  drive  link  force  number  2  when 
excitation  was  applied  at  position  1  is  shown  in 
Figs.  8  and  9.  The  elastic  modes  are  reflected 
in  the  force  transducer  amplitude  response.  The 
rigid  body  modes,  a  hr  don  of  the  exciter  loca¬ 
tion  and  restraint,  are  indicated  in  the  phase 
response. 

.t  is  clearly  demonstrated  thai  the  forces 
measured  by  the  transducers  are  coupled  to  the 
response  of  the  system.  If  both  exciters  are 
transmitting  force,  the  output  of  the  force  trans¬ 
ducers  would  not  be  independent.  The  only  in¬ 
dependent  parameter  which  corresponds  to  the 
forcing  function  in  the  theoretical  model  is  the 
power  amplifier  input  voltage.  The  response  of 
the  excitation  force  with  respect  to  the  power 
amplifier  voltage  was  measured  and  is  shown 
in  Figs.  10  and  11.  For  further  experimental 
tests,  the  power  amplifier  input  voltage  was 
considered  the  forcing  function. 

Applyirg  the  results  of  the  theoretical  in¬ 
vestigation  to  the  experimental  tests,  the  input 
voltages  required  to  obtain  arbitrary  accelera¬ 
tion  spectra  were  calculated  using  Eq.  (7).  The 
uncorrelated  input  voltage  PSD  was  calculated 
for  a  band- limited  white  acceleration  PSD  of 
5  *  10' 4  g2/Hz  at  positions  1  and  2,  Negative 
energy  requirements  resulted  at  90,  252.  320, 
and  400  Hz  for  voltage  number  1,  and  at  100, 

113,  180,  257,  and  300  Hz  for  voltage  number 2. 


Fig.  5.  Fxpc  r  mu’iit.tl  UM  -.(tuj,;  v  ibr.it  ii-.i  !  r<  «•  - 1  r<  .  I  . . 
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Fig.  19.  System  functions  free- 
free  beam  force  excitation  at 
positior.  1;  absolute  magnitude 
foixe  1  to  iuput  voltage  1 
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Fig.  9.  System  functions  free-free 
beam  force  excitation  at  positior.  1; 
phase  of  force  Z  to  force  1 


Fig.  11.  System  functions  free-free 
oeam  force  excitation  at  position  1 ; 
phase  force  1  to  input  voltage  1 


A  random  test  was  conducted  by  controlling 
the  input  voltage  spectra  with  independent  multi¬ 
channel  equalizer-analyzers.  An  attempt  was 
made  to  program  the  above-mentioned  calcu¬ 
lated  voltage  spectra  except  for  the  areas  of 
negative  energy  requirements  where  the  input 
spectra  were  given  maximum  attenuation.  Be¬ 
cause  of  improper  power  amplifier  performance, 
the  correct  input  voltage  ratio  couid  not  be  pro¬ 
grammed.  This  resulted  in  acceleration  PSD 
deviating  considerably  from  the  desired  flat 
spectrum  shapes. 

Although  an  undesired  volisge  ratio  was 
used,  results  substantiate  the  applicability  of 
linear  system  relations.  This  applicability  was 
a  primary  goal  of  the  investigation. 

A  sampling  of  the  results  of  the  random 
tests  is  presented  in  Figs.  12,  13,  and  14.  These 
data  represent  the  acceleration  response  of  po¬ 
sition  1  for  individual  and  combined  excitation. 
The  circled  data  points  are  calculated  data  based 
on  sinusoidal  system  functions  and  the  measured 
input  voltages.  Good  correlation  between  the 


calculated  and  measured  response  is  evidenced 
in  the  data.  The  average  de\  iation  of  the  calcu¬ 
lated  values  was  20  percent. 


RESULTS  AND  CONCLUSIONS 

The  results  of  the  theoretical  and  experi¬ 
mental  investigation  can  be  summarized  as 
follows: 

1.  Linear  system  relations  can  be  applied 
in  predicting  random  response.  The  system 
function,  which  is  a  measure  of  impedance,  is 
the  transformation  kernel  for  the  input- output 
relation.  The  system  function  should  be  deter¬ 
mined  before  conducting  the  random  tests. 

2.  Arbitrary  acceleration  spectra  cannot 
be  obtained  when  independent  sources  are  ap¬ 
plied.  The  ratio  of  the  acceleration  spectra 
must  lie  within  certain  bands  if  nonnegative 
forcing  function  PSD's  are  to  be  obtained. 
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3.  The  independent  parameter  in  the  ex¬ 
perimental  test  was  the  power  amplifier  input 
voltage.  This  corresponded  to  the  forcing  func¬ 
tion  in  the  theoretical  two- degree- of- freedom 
system. 

Using  the  above  results  as  a  guide,  a  test 
method  is  proposed.  System  functions  which 
are  of  primary  concern  can  be  obtained  by  im¬ 
pulsing  each  exciter.  A  transient  test  is  rec¬ 
ommended  since  it  requires  a  minimum  of  test 
time  and  still  retains  information  at  all  fre¬ 
quencies.  The  system  function  is  digitally  cal¬ 
culated  by  performing  a  Fourier  transform  on 


the  time  function.  Systen.  functions  calculated 
from  a  transient  test  indicated  good  agreement 
with  those  obtained  from  sinusoidal  surveys. 
Figure  15  presents  a  comparison  of  system 
functions  obtained  from  transient  and  sinusoidal 
tests  on  a  stylized  system.  Based  on  system 
functions,  limits  for  the  acceleration  spectrum 
ratios  can  be  established  and  compared  to  the 
desired  ratios.  Any  points  in  the  acceleration 
spectrum  having  ratios  outside  these  bands 
must  be  modified.  Maintaining  the  same  test 
setup,  the  random  test  can  be  conducted  with  a 
high  degree  of  confidence  that  the  applied  en¬ 
vironment  will  be  controllable. 


Fig.  15.  Stylized  system  function  transient 
and  sinusoidal  comparison  test 
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DYNAMIC  TESTING  OF  FULL-SCALE 
SATURN  LAUNCH  VEHICLES 


B.  R.  Jacobs 

Nortromcs  Division,  Northrop  Corporation 
Huntsville,  Ala'  ama 


A  history  of  dynamic  testing  of  full-scale  Saturn  launch  vehicles  at 
Marshall  Space  Flight  Center  is  given.  Methods  and  procedures,  as 
well  as  instrumentation  and  facilities,  are  reviewed.  The  uses  of  full- 
scale  tests  are  discussed,  with  a  brief  look  at  the  uses  of  geometrically 
scaled  models.  Full-scale  test  results  are  compared  with  model  test 
results,  flight  data,  and  mathematical  models. 


INTRODUCTION 

Experimental  vibration  surveys  on  full- 
scale  Saturn  launch  vehicles  were  begun  in  the 
early  1960's.  These  programs  were  under¬ 
taken  as  a  matter  of  necessity;  there  was  no 
adequate  theory  relative  to  the  dynamic  re¬ 
sponse  behavior  of  a  complex  vehicle,  and  test 
results  were  therefore  necessary  for  the  de¬ 
sign  of  the  vehicle  control  system.  Later,  as 
analysis  methods  improved,  the  test  programs 
were  used  primarily  to  substantiate  and  verify 
structural  analyses.  Since  the  initial  test  pro¬ 
gram.  which  involve^  a  Saturn  I.  Block  !  type  of 
vehicle,  was  completed,  these  test  series, 
through  the  program  involving  a  Saturn  V  type 
of  vehicle,  have  played  ar  important  role  in  the 
development  of  the  Saturn  vehicle  at  Marshall 
Space  Flight  Center  (MSFC),  Huntsville. 
Alabama. 


TEST  SETUP 

All  dynamic  testing  on  the  full-scale 
Saturn-type  vehicle  has  been  performed  at 
MSFC  in  the  NASA  dynamic  test  stands.  The 
first  dynamic  test  stand  constructed  is  about 
234  ft  high;  it  accommodated  both  the  Saturn  I 
and  Saturn  IB  series  vehicle.  The  newest  stand 
is  approximately  365  ft  high  and  is  used  for 
testing  the  Saturn  V  vehicle.  The  most  impor¬ 
tant  and  distinguishing  difference  between  the 
two  towers  (o'her  than  their  height)  is  the  com¬ 
plete  enclosure  of  the  Saturn  V  tower,  afford¬ 
ing  both  specimen  and  personnel  protection 
from  inclement  weather. 

To  simulate  a  free-free  condition,  the 
Saturn  I  and  IB  test  vehicles  were  suspended  in 


a  vertical  position  by  a  cable -spring  suspension 
system.  The  Saturn  V  test  vet  le  was  also 
tested  in  the  vertical  position  but  was  supported 
from  below  the  thrust  structure  by  means  of 
hydrodynamic  units.  Figure  1  shows  the  first 
Saturn  dynamic  test  vehicle  (SA-1)  erected  in 
the  test  stand  at  MSFC. 

The  cable- spring  suspension  systems  con¬ 
sisted  ot  bridge-strand  steel  cables  and  helical 
springs  employing  hydraulic  cylinders  at  the 
extreme  upper  end  for  lifting.  Figure  2  shows 
the  upper  portion  of  the  cable-spring  system. 
Because  of  decreasing  vehicle  weight  with  in¬ 
creasing  flight  time,  it  was  necessary  to  reduce 
the  spring  constant  of  the  suspension  system  to 
maintain  the  closest  approximation  to  a  free- 
free  condition.  This  reduction  in  spring  con¬ 
stant  was  accomplished  by  decreasing  the  num¬ 
ber  of  springs  and  cables  supporting  the  vehicle. 
A  test  condition  using  the  minimum  number  of 
cables  and  springs  to  support  the  vehicle  and 
maintain  its  vertical  stability  was  labeled  a 
"soft"  suspension  condition.  Conversely,  one 
employing  a  number  of  springs  and  cables 
greater  than  that  necessary  for  support  and 
vertical  stability  was  termed  a  "hard"  suspen¬ 
sion  condition.  Both  hard  and  soft  suspensions 
were  used  at  certain  flight  times  to  determine 
the  restraining  effect  on  the  natural  frequen¬ 
cies,  damping  characteristics,  etc.  This  was 
not  altogether  successful,  and  relatively  insig¬ 
nificant  differences  were  noticeable.  Because 
of  this  fact  and  the  ever-present  tight  sched¬ 
uling  of  these  test  programs,  the  double  suspen¬ 
sion  requirements  were  eventually  eliminated. 

Even  though  the  cable- spring  suspension 
system  proved  reliable  and  successful  through¬ 
out  the  Saturn  I  and  IB  test  programs,  and  even 
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Fig.  1.  First  Saturn  dynamic  test  vehicle 
erected  in  the  test  stand  (note  absence  of 
wind  screening  and  other  structures) 


though  a  similar  system  had  been  designed  for 
the  Saturn  V  dynamic  test  program,  the  latter 
program  was  to  use  a  hydrodynamic  suspension 
system.  (See  Table  1  for  a  summary  of  the 
cable-spring  system  characteristics.  Figure  3 
depicts  the  Saturn  V  with  the  cable-spring  sys¬ 
tem  in  the  tower.)  The  desire  for  a  method 
other  than  the  cable-spring  type  began  almost 
as  soon  as  the  first  Saturn  I  vehicle  was  tested; 
it  reached  a  peak  midway  through  the  Saturn  I 
program,  and,  for  all  practical  purposes,  the 
decision  was  made  at  that  time  to  develop  a  new 
and  more  efficient  suspension  system.  Many 
systems  and  methods  were  proposed,  including 
compressed  gas  springs,  liquid  springs,  and 
various  arrangements  of  mechanical  springs. 
Out  of  these  the  hydrodynamic  system  was 
chosen  and  subsequently  designed  and  developed 
by  the  Martin-Marietta  Company.  The  initial 
conception  of  this  system  came  from  MSEC. 


The  system  for  the  Saturn  V  test  vehicle 
has  four  hydrodynamic  units,  each  placed  upon 
a  reinforced  concrete  and  steel  pedestal  located 
at  the  four  holddown  points.  The  support  sys¬ 
tem  consists  primarily  of  a  piston  within  a 
cylinder  fixed  to  the  pedestal  (Fig.  4).  The  pis¬ 
ton  is  free  to  move  vertically,  but  it  is  sup¬ 
ported  laterally  by  an  oil  gap,  fed  at  high  pres¬ 
sure.  preventing  piston-cylinder  contact.  The 
spring  constant  depends  directly  on  a  volume  of 
trapped  air,  the  size  of  which  may  be  varied  as 
desired.  Lateral  motion  of  the  vehicle  is  pro¬ 
vided  for  by  a  horizontal  oil  bearing  on  top  of 
the  pistons;  rotational  motion  is  permitted  by 
means  of  a  spherical  bearing  above  the  hori¬ 
zontal  bearing. 

Aside  from  the  estimated  cost  savings  of 
this  system  as  compared  with  the  cable-spring 
suspension  system  that  would  have  been  required 


Fig.  Z.  Typical  suspension  point  on  cabie- 
spring  suspension  system  for  Saturn  1  and  IB 
tests  (outer  tanks  of  Saturn  booster  appear 
to  right  of  springs) 


TABLE  1 

Saturn  V  Cable-Spring  Suspension  System  Characteristics 


Flight  Time 
(sec) 

Vehicle 

Weight 

(lb) 

Number 

of 

Cables3 

Number  of 
Assem- 
bliesb 

Total 

Spring 

Constant0 

(lb/in.) 

Vehicle 

1  irst 
Bending 
(cps) 

Rocking 

Frequency 

(cps) 

T.ans- 
lai  ional 
Frequency 
(cps) 

Static 

Stability 

Ratiod 

Liftoff 

6,000,000 

4 

55 

103,000 

0.99 

0.165 

0.012 

10 

5,715,456 

4 

55 

103.000 

0.99 

0.165 

0.0148 

1.31 

35 

5,032,550 

50 

89.230 

1.00 

0.161 

0.015 

1.26 

78 

3,780,558 

45 

73.448 

1.08 

0.143 

0.015 

1.31 

112 

2,613,109 

35 

60.747 

1.09 

0.142 

0.016 

1.30 

150.6  (B.C.O.) 

1,750,000 

1 

15 

1.16 

0.121 

0.014 

1.18 

aPer  suspension  point;  cables  are  1.5-in.  bridge  strand  with  breaking  strength  (.1  7Z4  tons  and  yield 
strength  approximately  55  percent  of  breaking  strength;  E  ll  ■  It)6  psi. 
bper  suspension  point;  spring  assembly  consists  oi  two  8.5-in.  (O.D.)  springs  in  series  with  spring 
constant  for  each  assembly  of  <1430  lb/in.  (spring  wire  diameter  L.'>  in.);  free  length  (unloaded)  or 
each  assembly  approximately  78  in.;  extended  length  (loaded)  of  each  .  ssembly  approximately  ')5  in. 
cPer  suspension  point.  Note.  — A  dynamic  load  factor  of  0. 1  g  was  usee  in  determining  the  number  of 
cables  and  spring  assemblies  required. 

dThe  quotient  of  the  restoring  moment  (Mr)  divided  by  the  overturning  moment  (MqT)  at  i  static 
condition. 
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Fig.  3.  Saturn  V  cable-sprir-g  suspension 
(vehicle  in  tower  raised  to  test  position) 


for  the  larger  Saturn  V  vehicle,  the  hydrodynamic 
support  system  possesses  several  advantages 
aver  its  cable-spring  predecessor.  Some  of 
these  are: 

Analysis  simplification 

Greatly  reduced  effective  mass  attached  to 
specimen 

Extremely  low  damping 

Vehicle  handling  ease 

Greater  ease  and  flexibility  in  varying 
spring  rates 

Failure  of  one  support  will  not  damage  the 
vehicle 

Equally  important  in  providing  a  satisfac- 
ory  system  of  support  for  the  vehicle  was  in¬ 
suring  that  the  proper  weight  and  weight  dis- 
ribution  were  obtained  for  the  test  vehicle  to 
axhibit  the  desired  characteristics  of  the  flight 


vehicle  to  be  simulated.  This  was  accomplished 
at  various  flight  times,  varying  from  liftoff 
through  various  burn  times  of  upper  flight 
stages,  by  preparing  and  maintaining  a  weight 
and  center  of  gravity  summary  sheet  for  both 
the  test  vehicle  and  flight  vehicle.  Accuracy  in 
this  phase  of  the  testing  was  not  good  in  the 
early  days  of  full-scale  vehicle  testing;  how¬ 
ever.  with  the  testing  erf  the  Saturn  8  and  9 
vehicles,  errors  in  accurately  controlling 
weight  and  center  of  gravity  were  largely  re¬ 
moved  or,  at  least,  could  be  determined  readily. 
It  is  felt  that  some  of  the  discrepancies  appear¬ 
ing  in  the  results  from  earlier  test  programs 
can  be  directly  attributed  to  this  type  of  error. 

Propellant  simulation  for  varying  vehicle 
weights  was  accomplished  by  using  deionized 
water  as  a  simulant  of  lox  and  fuel.  Since  it  is 
a  little  heavier  than  RP-1  and  slightly  lighter 
than  lox,  it  was  found  that  the  total  weight  could 
be  well  represented  with  little  or  no  change  in 
vehicle  center  of  gravity.  Propellant  simula¬ 
tion  for  liquid  hydrogen  was  accomplished  by 
using  polystyrene  kalis  2  in.  in  diameter  with 
a  bulk  density  closely  approximating  that  of  the 
LH  2.  These  worked  well  for  lateral  excitation, 
but  presented  a  problem  during  torsional  tests 
because  of  an  increased  torsional  moment  of 
inertia.  Eventually  this  requirement  was 
dropped,  and  no  propellant  simulant  was  used 
in  LH2  tanks  in  either  the  Saturn  IB  or  Saturn 
V  test  programs. 

To  provide  the  excitation  force  desired, 
electrodynamic  shakers  were  employed  for  ex¬ 
citation  in  the  lateral,  torsional,  and  longitudi¬ 
nal  planes.  These  shakers  were  located  so  as 
to  introduce  the  force  at  the  approximate  loca¬ 
tion  of  the  engine  gimbai  plane  for  both  the 
lateral  and  torsional  excitation  phases;  they 
were  positioned  directly  below  the  thrust  struc¬ 
ture  for  longitudinal  vibration.  Figure  5  is  a 
typical  shaker  installation. 

When  not  being  tested  the  vehicle  was 
lowered  to  a  "complete  rest"  position.  In  this 
position  the  missile  was  supported  in  a  manner 
comparable  to  that  providrd  at  the  launch  site. 
Lateral  restraint  was  provided  for  additional 
security  by  snubbers  at  the  upper  tower  levels. 
These  snubbers  were  to  prevent  "bumping"  be¬ 
tween  the  outer  missile  skin  and  the  tower 
structure  during  movement  caused  by  inclement 
weather;  also,  they  were  cushioned  and  with 
minor  repositioning  served  a  similar  purpose 
during  excitation.  The  snubbers  were  particu¬ 
larly  beneficial  when  the  vehicle's  rigid-body 
modes  were  excited. 

Test  vehicles  were  stacked  in  the  test 
stands  using  equipment  similar  to  that  planned 
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Fig.  5.  A  500-lb  shaker  installed  for  lateral  excitation  during  a  second 
flight  stage  test  series  (load  cell  for  monitoring  applied  force  is  in¬ 
stalled  adjacent  to  the  vehicle! 
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for  use  at  the  launch  site  (see  Figs.  6  through  9). 
It  is  interesting  to  note  that,  aside  from  *he 
launch  areas  at  the  Kennedy  Space  Flight  Center. 
MSFC  is  the  only  place  where  these  vehicles 
are  completely  integrated  in  a  vertical  position. 
On  various  occasions  specially  designed  tools, 
jigs,  adapters,  and  mating  methods  were  tiied 
at  the  dynamic  test  stands  to  prevent  trouble  at 
the  launch  site. 


TEST  PROCEDURE 

Although  the  equipment  has  undergone  a 
great  deal  of  updating  and  many  automatic  op¬ 
erational  and  display  capabilities  now  exist  for 
Saturn  V  dynamic  testing  that  were  not  available 
for  Saturn  I  and  Saturn  IB  testing,  the  primary 
procedures  (whether  automatic  or  manual)  re¬ 
main  essentially  the  same;  thus,  the  test  crew 
themselves  still  have  relatively  the  same 


objectives,  namely,  to  excite  the  vehicle  sinus¬ 
oidally  and  to  locate  and  record  its  response 
characteristics  in  the  lateral,  torsional,  and 
longitudinal  pi  s.  The  procedures  as  stated 
subsequently  a.  specifically  related  to  the 
Saturn  I  and  IB  programs. 


Excitation  was  accomplished  with  electro- 
dynamic  shakers,  as  follows; 


Plane 

Pitch  (lateral) 
Yaw  (lateral) 
Roll  (torsional) 
Longitudinal 


Shaker 

One  1500- lb 
One  1500- lb 
Two  500- lb 
Two  500- lb 


Force  Vector 
Output 
(Nominal) 


1000  lb 
1000  lb 
500  lb  each 
500  lb  each 


During  torsional  testing  the  shakers  were 
diametrically  opposed  and  operated  180  deg  out 


Fig.  6.  Lunar  excursion  module  test 
simulator  being  hoisted  into  place 
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Fig.  7.  Lunar  excursion  module  test  article  in  place  and  mated  to  the 
lower  portion  of  the  spacecraft  lunar  adapter 


of  phase;  for  longitudinal  testing  they  were 
diametrically  opposed  and  operated  in  phase. 

Shaker  force  was  usually  a  nominal  force 
vector  as  shown  above;  however,  for  the  pur¬ 
pose  of  defining  system  nonlinearity  charac¬ 
teristics,  reductions  in  250- lb  increments  from 
the  normal  operational  force  vector  to  a  500-lb 
nominal  force  vector  was  accomplished  in  the 
pitch  and  yaw  planes.  This  was  performed  only 
at  intermittent  flight  times  (i.e..  it  was  not  a 
routine  procedure). 

The  testing  of  a  particular  flight  time  and 
shaker  plane  was  commenced  by  exciting  the 
vehicle  to  its  rigid-body  "rocking"  mode  to  ob¬ 
tain  proper  phasing  of  the  rate  gyros.  Because 
of  the  importance  of  the  correct  phasing  of  the 
rate  gyros  in  data  acquisition  and  reduction,  the 
frequencies  above  and  below  the  rocking  fre¬ 
quency  by  0.01  cps  were  al30  excited  to  ensure 
that  the  rocking  frequency  had  indeed  been  cor¬ 
rectly  determined. 

Resonant  frequency  searches  were  accom¬ 
plished  by  manual  frequency  sweeps;  resonances 
were  detected  by  observing  a  display  of  selected 
accelerometer  response  vs  shaker  armature 


current  on  an  oscilloscope.  Various  accelerome- 
terswere  selected  for  display  until  thetest  engi¬ 
neer  was  satisfied  that  all  significant  vehicle 
resonances  were  located.  In  general,  the  test  en- 
ginner  monitored  approximately  60-70  accelerom¬ 
eters  during  resonance  searches.  Figure  10  is 
an  actual  sheet  from  the  test  engineer's  log 
during  the  Saturn  IB  test  program. 

Once  a  resonant  frequency  was  established, 
data  recording  was  initiated.  The  procedure 
consisted  of  recording  steady-state  vibration 
at  the  peak  followed  by  recording  "ring-out" 
data.  Ring-out  was  obtained  by  sudden  cutoff  of 
shaker  armature  current  and  permitting  a  min¬ 
imum  of  10  cycles  of  damped  free  vibration. 
Resonance  searches  above  15  cps  were  not  ac¬ 
complished.  and  only  rarely  were  searches 
carried  out  above  10  cps.  Because  of  guidance 
system  characteristics,  it  was  felt  that  searches 
above  these  frequencies  were  not  necessary.  Ii 
should  be  noted  that  this  decision  was  no!  made 
until  the  latter  portion  of  the  Saturn  I  series 
program  and  at  the  initial  stages  of  the  Saturn 
IB  program;  therefore,  there  were  sufficient 
vehicle  performance  characteristics  available 
from  both  flight  and  test  programs  on  which  to 
base  such  a  judgment. 
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Fig.  8.  Command  module,  service  module,  and 
upper  spacecraft  lunar  adapter  section  being  posi¬ 
tioned  for  mating  (note  tower  wind  screening  and 
structural  changes  along  with  Saturn  V  dynamic 
test  stand  in  contrast  to  Fig.  1) 


To  ensure  that  all  major  resonances  had 
been  detected  and  located  correctly,  two  types 
of  frequency  sweeps  wete  performed:  (a)  a 
shor:  incremental  sweep  for  locating  the  peaks 
accurately,  and  (b)  a  long  incremental  sweep 
for  detecting  any  resonances  not  located  during 
resonant  searches.  Short  incremental  sweeps 
of  approximately  11  increments  were  performed 
around  the  peak  of  each  major  vehicle  resonance. 
For  peaks  occurring  below  10  cps,  increments 
(  i)  of  0  01  cps  were  used;  for  resonances  above 
10  cps.  increments  of  0.02  cps  were  employed. 
The  long  incremental  frequency  sweeps  were 
performed  over  a  frequency  range  of  1.3  to  10 
°ps.  The  frequency  increments  varied  from 
0.05  cps  (for  excitation  Irequencies  up  to  5  cps) 
to  0.10  cps  (for  excitation  frequencies  from  5,0 
to  10.0  cps). 


INSTRUMENTATION  AND 
DATA  ACQUISITION 

Basically,  there  were  two  types  of  trans¬ 
ducers  used  to  measure  the  dynamic  response 
of  the  vehicle: 

1.  Test  (or  ground)  types  of  sensors  were 
(a)  strain-gage,  viscous-damped  accelerome¬ 
ters  with  a  range  of  t  1.0  g.  and  (b)  inertial 
spring- mass,  viscous-damped  accelerometers 
with  a  range  of  0.5  to  5.0  g.  A  typical  test 
transducer  installation  is  shown  in  Fig.  11. 

2.  Airborne  (or  flight)  types  of  systems 
sensors  were  (a)  inertial  spring-mass,  viscous- 
damped  accelerometers  with  a  range  of  10  m/ 
sec  }  and  25  m/sec’,  and  (b)  rate  gyros  having 

a  full-scale  range  of  10  deg, 'sec. 
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~ig.  9.  Saturn  IB  test  facilities  (service  and 
-ommand  modules  are  at  base  of  .oner;  note 
area  and  structural  buildups  compared  to  Fig.  1) 


Transducer  locations  were  depicted  by 
drawings.  Test-type  sensor  drawings  were 
made  for  each  test  condition,  i.e.,  pitch  at  lift¬ 
off,  yaw  at  liftoff,  pitch  at  max  Q.  yaw  at  max  Q. 
etc.  Figure  12  is  a  typical  acceleration  location 
drawing.  In  general,  such  sketches  provide  (a) 
transducer  location,  (b)  direction  of  sensitivity, 
and  (c)  number  of  sensors  to  be  used  for  a 
given  test. 

The  instrumentation  equipment  required 
for  the  Saturn  I  and  Saturn  IB  dynamic  test  pro¬ 
grams  was  contained  in  two  trailers  located  at 
the  base  of  the  test  stand.  Since  at  the  incep¬ 
tion  of  the  full-scale  test  programs  the  work 
was  performed  by  NASA  personnel  directly  as¬ 
signed  to  the  individual  MSFC  laboratories,  the 
trailers  acquired  designations  stemming  from 
the  laboratory  personnel  operating  them;  thus 
we  had  a  Propulsion  and  Vehicle  Engineering 
(P&VE)  trailer  and  an  Astrionics  trailer.  These 
designations  remained  for  the  life  of  the  Saturn 
I  and  IB  test  programs. 


The  P&VE  trailer  contained  equipment  for 
supplying  and  controlling  vehicle  excitation  and 
for  monitoring  numerous  acceierometers  located 
on  the  test  vehicle.  The  Astrionics  trailer  con¬ 
tained  equipment  for  monitoring  the  outputs  of 
numerous  accelerometers  and  rate  gyros  located 
on  the  test  vehicle. 

Input  signals  to  the  P&VE  trailer  were 
processed  by  a  CEC  Model  5-123  oscillograph 
and  a  Systems  Engineering  Laboratory  (SEL) 
computer.  The  magnetic  tape  used  on  the  SEL 
was  0.50  in.  at  112.50  in. /sec  for  a  data  sam¬ 
pling  word  rate  of  31.25  cps.  This  routine  was 
established  to  permit  data  reduction  by  bjth  the 
GF.  235  and  IBM  7094  digital  data  computers 
used  at  MSFC.  Reduction  of  the  analog  data 
was  performed  manually 

Input  signals  to  the  Astrionics  trailer  were 
processed  by  Brush  recorders,  oscilloscope  dis¬ 
play.  and,  for  digital  recording,  by  an  SEL  com¬ 
puter,  The  SEL  used  a  tape  procedure  similar 
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Fig.  10.  Typical  test  performance  log 


to  that  employed  in  the  PftVE  trailer  and  was 
addressed  by  a  Flexowriter  with  tape  punch/ 
read  capability. 

The  major  equipment  for  each  instrumen¬ 
tation  trailer  is  listed: 

Quan- 

Equipment  tlty 

P&VE  Trailer 

Accelerometer,  CEC  type  4-205-0107  125 


Digital  data  acquisition  system  (SEL)  1 

Amplldyne  and  drive  motor,  GE  2 

Electrodynamic  shaker.  Ling,  1500  lb  1 

Electrodynamic  shaker,  Ling,  500  lb  4 

Power  amplifier,  Ling,  12  kw  1 

Oscillator  2 

Oscillograph  1 

Oscilloscope  2 


Quan 


Equipment  tity 

Astrionics  Trailer 

Accelerometer,  Donner  4310/5310  52 

Accelerometer  (control),  Statham 
A311D  9 

Rate  gyro,  Honeywell,  JRS-102  3C 

Counter,  CMC  727B  1 

Data  acquisition  system,  SEL  600  1 

Fiexowriter,  Friden  1 

Oscillator  1 

Oscilloscope  1 

Brush  recorder,  11-1603-00  6 


Flow  diagrams  for  each  of  the  trailers  are 
shown  in  Figs,  13  and  14. 

Significant  improvements  were  made  in  the 
instrumentation  and  data  acquisition  systems 
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Fig.  11.  Typical  accelerometer  mounting  (accelerometers 
in  pitch  and  yaw  planes  mounted  on  an  outboard  engine 
of  the  S-1B  booster;  note  aluminum  mounting  blocks  be¬ 
tween  transducer  and  engine) 


for  the  Saturn  V  dynamic  test  program,  not 
only  from  an  operational  standpoint  but  in  ef¬ 
ficiency  as  well.  No  detailed  write-up  of  the 
system  is  presented  here;  however,  some  note¬ 
worthy  improvements  included  the  following: 

1.  An  automatic  mode  shape  display  show¬ 
ing  the  elastic  shape  of  the  vehicle  during  ex¬ 
citation; 

2.  Automatic  scanning  of  transducers  and 
initiation  of  frequency  sweeps; 

3.  Closed-circuit  TV  system  permitting 
direct  observation  by  the  test  engineer  of  criti¬ 
cal  areas  along  the  vehicle; 

4.  Location  of  all  instrumentation  within 
one  trailer; 

5.  On-site  data  evaluation  (limited 
capability). 


RESULTS  AND  DATA  COMPARISONS 

In  reviewing  full-scale  dynamic  test  re¬ 
sults  and  presenting  data  comparisons,  one  is 


iiced  with  a  staggering  amount  ol  test  data, 
preflight  analysis,  flight  results,  and  correla¬ 
tion  efforts  from  many  sources.  These  sources 
include  Saturn  I,  Biock  I  launch  vehicles.  Saturn 
I.  Block  II  launch  vehicles,  Saturn  IB  (updated 
Saturn)  launch  vehicles,  Saturn  V  launch  vehi¬ 
cles,  Saturn  I,  Block  I  1/5  scale  model,  Saturn 
V  1/10  scale  model,  and  Saturn  V  1/40  scale 
model. 

It  is  beyond  the  scope  of  this  paper  to  pre¬ 
sent  a  detailed  discussion  of  test  results  and 
the  corresponding  correlations  and  comparisons 
with  all  these  sources.  Indeed,  it  is  beyond  the 
scope  of  this  paper  to  present  a  detailed  anal¬ 
ysis  involving  even  one  of  these  sources.  There¬ 
fore.  the  effort  here  is  to  present  in  a  general 
form  some  of  the  results  from  several  of  the 
above  sources  and  limited  comparisons  between 
these  results  in  the  earlier  stages  of  the  full- 
scale  dynamic  test  programs  and  those  of  the 
later  test  program  stages.  In  this  respect, 
areas  ol  interest  are  the  following  selected 
sources  (detailed  results  for  a  comprehensive 
study  may  be  obtained  from  Refs.  1  through  7): 

1.  Saturn  I.  Block  I  and  Block  II  launch 
vehicles 
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Fig.  12.  SA-206,  pitch  excitation— accelerometer  locations 


Fig.  I  3.  Astrionics  trailer  instrument  system 


Fip.  14.  FfciVF  trailer  instrumentation  system 
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2.  Saturn  IB  launch  vehicles 

3.  Saturn  I,  Block  1 1/5  scale  model 

First,  consider  the  results  of  data  pertain¬ 
ing  to  the  first  vehicle  of  the  Saturn  I,  Block  I 
series  to  be  tested.  This  was  the  SAD-1  dynamic 
test  vehicle  representing  the  first  Saturn  flight 
vehicle,  SA-1.  Figure  15  shows  the  variations 
in  resonant  frequencies  for  both  the  SA-1  full- 
scale  test  vehicle  and  the  Saturn  1 1/5  scale 
model.  Table  2  presents  a  comparison  of  cal¬ 
culated,  full-scale  test,  and  model  test  result 
frequencies  for  SA-1.  In  addition,  Fig.  16  shows 
the  second  bending  mode  shape  for  the  SA-1 
vehicle  as  defined  at  liftoff  by  the  full-scale  test 
results,  model  test  results,  and  the  calculated 
values. 

In  general,  most  of  the  information  and  data 
set  forth  above  pertaining  to  the  SA-1  vehicle 
are  in  fair  agreement,  the  largest  discrepancies 
or  deviations  occurring  with  respect  to  the  ana¬ 
lytical.  Now,  if  we  consider  that  the  1/5  model, 
even  though  it  was  a  very  good  geometrically 
scaled  vehicle,  does  contain  certain  inherent 
characteristics  that  would  prevent  complete 
agreement  with  full-scale  test  results  (such  as 


excessive  stiffness  in  the  outer  tanks  and  ques¬ 
tionable  similitude  for  the  booster  engines),  and 
that  some  16,000  to  20,000  lb  of  water  was  not 
accounted  for  in  the  full-scale  test  vehicle  tank 
pumps  and  lines,  we  can  say  that  fairly  good 
representation  was  provided  by  the  model,  at 
least  as  far  as  resonant  frequencies  and  re¬ 
sponse  are  concerned.  Overall  damping  val¬ 
ues  for  the  model  and  full-scale  vehicle  agreed 
well. 

The  disagreement  between  test  results, 
both  full-scale  and  model,  and  the  calculated 
values  is  obviously  quite  large.  The  major 
problem  here  was  that  the  theory  used  was 
simply  inadequate  to  cope  with  the  complex 
vehicle  structure  represented  by  the  Saturn.  A 
single-beam  theory  was  employed  at  this  time 
to  analyze  the  vehicle.  This  theory  used  a 
simplifying  assumption  that  a  single  equivalent 
stiffness  could  represent  the  jooster,  which 
was  composed  of  a  center  tank  and  surrounded 
by  eight  outer  tanks  subject  to  their  own  move¬ 
ments  and  associated  resonances  in  addition  to 
coupling  effects.  For  the  1/5  scale  model, 
eight  major  response  peaks  were  found;  for  this 
same  frequency  range,  the  analysis  provided 
the  basis  for  locating  only  three  (Fig.  17).  Note 
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Fig.  15.  Bending  mode  frequencies  vs  flight 
time,  Saturn  vehicle  SA-1  full-scale  and  1/5 
model 
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TABLE  2 

SA-1  Saturn  Vehicle  Frequency  Comparison 


Resonant  Condition 

r 

Flight  Time 

Frequency  (cps) 

Full-Scale  Test 

Model  Testa 

Calculated 

1st  Bending 

Liftoff 

2.20 

2.16 

1.44 

2nd  Bending 

Liftoff 

6.7S 

6.1 

5.32 

1st  Bending 

max  Q 

2.83 

2.66 

2.15 

2nd  Cluster 

max  Q 

7.83 

7.72 

6.82 

1st  Bending 

Booster  cutoff 

2.95 

2.66 

2.52 

2nd  Bending 

Booster  cutoff 

9.79 

8.9 

9.45 

aFrequencies  listed  for  the  1/5  scale  mode!  are  reduced  from  actual  model  frequency  by  the  scale 
factor: 

l'  J 


Lateral  frequency:  — 

*  r 


EIM  Lf\' 
EIf  mF  J 


5. 


where  M  =  model  characteristics,  and  F  =  fuil-scale  or  prototype  characteristics. 


ACCKLLHA  tlOS  r;'S 
(PKAK  •  PCAf! 

Fig.  16.  Second  bending  mode  shape 
at  liftoff  pitch:  SA-1  vehicle  (full- 
scale  test,  model  test,  and  calculated 
modes) 


also  that  not  only  did  the  analysis  fail  to  locate 
the  majority  of  the  resonances,  but  it  also 
missed  on  those  it  predicted,  with  a  100-percent 
miss  on  its  third  prediction.  Results  such  as 
this  were  equally  applicable  to  the  full-scale 
test  results. 


Additional  shortcomings  of  this  single¬ 
beam  analysis  method  and  an  obvious  indication 
of  the  importance  and  necessity  (at  this  time  in 
the  development  stage  of  the  Saturn  vehicle)  of 
the  full-scale  dynamic  test  programs  is  ex¬ 
hibited  by  a  comparison  of  frequencies  (cps) 
obtained  from  theory  with  those  obtained  from 
dynamic  tests  and  flight  tests  of  the  Saturn  I, 
SA-2  vehicle: 


Experimental 

SA-2  Flight 

Theoretical,  Free 
Flight  (Single- 
Beam  Analysis) 

2.2 

2.2— 2.3 

1.69 

2.31 

— 

— 

2.92 

— 

— 

4.02 

— 

— 

6.74 

— 

6.60 

11.7 

— 

9.56 

Note  that 

the  single-beam  analysis  was 

close  at  only  one  frequency,  missed  entirely 
three  modes  (these  were  tank  modes  involving 
clustered  movements  of  the  multiple  tanks)  and 
was  "off"  more  than  20  percent  on  its  prediction 
of  the  l.rot  major  mode.  It  is  significant  that 
this  is  probably  the  most  important  mode  as  far 
as  control  system  design  is  concerned.  This 
20  percent  error  is  unacceptable  ir  control  sys¬ 
tem  design,  as  is  the  fact  that  other  modes 
close  by  were  missed.  Thus  the  dynamic  test 
results  were  the  only  acceptable  data  upon  which 
to  base  the  design  of  the  control  system. 

At  the  time  of  the  SA-5  vehicle  dynamic 
test  program,  theory  had  improved  considerably 
with  the  use  of  a  multiple-beam  analysis  which 
took  into  account  the  multiple-taniv  configuration 
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Fig.  17.  Saturn  I  1/5  scale  model  response  plots  lor 
tip  displacement  vs  frequency,  model  station  }86 


of  the  Satu<n  booster  and  considered  the  clus¬ 
tered  and  independent  motion  of  these  tanks. 

■'  expanded  version  of  the  comparison  above 
i.  ust rates  this  improvement  (see  Table  3).  The 
fi  “  'nd  and  third  columns  show  the  improvement 
when  the  vehicle  is  analyzed  by  the  multiple- 
beam  method.  Since  the  theory  is  so  close  to 
the  experimental  values,  an  understandable 
optimism  would  result  in  the  conclusion,  "We’ve 
got  it  made."  Unfortunately  this  is  not  the  case. 
While  the  new  analysis  was  far  superior,  and, 
in  fact,  did  provide  the  basis  for  the  control 
system  design  of  vehicles  subsequent  to  SA-5 
(which  design  was  verified  with  the  dynamic 
test),  there  were  still  parameters  and  response 
characteristics  that  could  not  always  be  pre¬ 
dicted.  Among  these  were  resonances  not  en¬ 
countered  on  previous  tests  or  previously  pre¬ 
dicted.  lorai  response  phenomena,  dynamic 


crosscoupling,  and,  one  of  the  most  important, 
total  vehicle  structural  damping. 

A  look  at  some  of  the  test  and  theoretical 
results  for  the  later  Saturn  EB  dynamic  test 
program  is  now  in  order.  The  Saturn  IB  dy¬ 
namic  test  program  involved  the  testing  of  four 
different  vehicle  configurations:  AS-202,  AS- 
203,  AS-206,  and  AS-2G7.  Table  4  presents  a 
summary  of  lateral  bending  frequencies  obtained 
from  the  full-scale  tests  and  the  multibeam 
model  for  vehicle  configurations  AS-202  and 
AS-203.  These  bending  mode  frequencies  are 
given  for  only  two  flight  times  and,  for  the  most 
part,  agree  very  well.  Some  of  the  differences 
noted  have  been  attributed  to  several  factors: 

1.  Sloshing  effect  of  propellant  in  S-IVB 
stage; 


TABLE  3 

Saturn  I,  Block  I,  SA-2  Vehicle  Frequency  (cps)  Comparison 


Experimental 

Multiple- Beam  Analysis 

Single- Beam 
Analysis 

Theoretical  with 
Suspension 

Theoretical, 
Free  Flight 

Theoretical, 
Free  Flight 

2.2 

2.27 

2.21 

1.69 

2.31 

2.42 

2.3*i 

- 

2.92 

2.95 

2.84 

— 

4  07 

4.12 

— 

6,74 

6.65 

6.38 

11.7 

11.78 

11.05 

9.56 
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TABLE  4 

Saturn  IB  Vehicle  Bending  Mode  Frequency  (cps)  Comparison 


Bending  Mode 

Vehicle  AS-202 

Vehicle 

AS-203 

_ J 

Full-Scale  Test 

Mathematical  Model 

Full-Scale  Test  Mathematical  Model 

Liftoff 

1st  Bending 

— 

1.35 

1.19 

2.30 

2.17 

1st  Fuel  radial 

1.66 

1.61 

1.60 

1.60 

1st  Lox  radial 

2.10 

2.06 

2,05 

2.06 

2nd  Bending 

2.27 

2.12 

5.34* 

5.88 

1st  Fuel  tangential 

2.45 

2.45 

- 

2.55 

S-IVB  Engine 

_ 

3rd  Bending 

4.20 

3.90 

8.05'* 

7.59 

2nd  Fuel  radial 

5.90 

5.59 

5.72 

5.51 

4th  Bending 

4.50 

6.36 

— 

10.47 

2nd  Fuel  tangential 

6.67 

6.77 

6.54 

2nd  Lox  radial 

— 

7.75 

7.60 

7.77 

5th  Bending 

— 

3.57 

i 

Booster  Cutoff 

1st  Bending 

1.70 

1.39 

3.88 

US 

O 

■V 

2nd  Bending 

2.60 

2.38 

_ 

- 

3rd  Bending 

6.88 

7.11 

— 

— 

4th  Bending 

— 

10.45 

_  1 

| 

— 

1st  Fuel  radial 

8.96 

11.68 

8.96 

i 

11.08  j 

Denotes  mode  coupled  with  outer  tanks. 


Dynamic  crosscoupling  measured  on  the 
test  vehicle  and  not  predicted  by  the  model, 

3.  No  provision  by  the  model  for  slosh  or 
engine  modes. 

Figures  18  and  19  show  the  lateral  bending 
frequencies  for  the  first  and  second  bending 
modes  obtained  from  the  flight  measurements 
and  the  full-scale  testing  of  the  AS-202  and 
AS-203  vehicles.  These  data  are  in  good 
agreement,  as  depicted  by  the  graphs.  The 
small  differences  occurring  in  the  plots  could 
easily  be  attributed  to  (a)  telemetry  noise,  (b) 
stiffness  and  mass  distribution  variances  be¬ 
tween  the  test  vehicle  and  flight  vehicle,  and 
(c)  steady- state  excitation  environment  for  the 
test  vehicle  as  opposed  to  random  and  transient 
environment  of  the  flight  vehicle, 

Vehicle  AS-203  would  be  a  prime  target  for 
argument  relating  to  proper  simulation  of  the 
flight  vehicle  by  the  test  vehicle.  Figure  20 
depicts  the  dynamic  test  vehicle  configuration 
compared  with  the  flight  vehicle  configuration. 
The  main  difference  is  the  absence  of  the  nose 
cone  on  the  test  vehicle.  The  nose  cone  was  not 
available  at  the  time  of  testing,  nor  was  a 


substitute  cone;  however,  a  ring  comprising 
part  of  the  ground  support  equipment  for  the 
spacecraft  lunar  adapter  (SLA)  was  placed  in 
the  upper  (forward)  end  of  the  SLA  to  represent 
the  nose  cone  stiffness  characteristics.  From 
all  available  information,  this  substitution  was 
successful. 


FULL-SCALE  TEST  UTILIZATION 

Full-scale  dynamic  testing  has  served  in 
two  fundamental  capacities  since  its  beginning 
in  the  early  1960's: 

1.  It  was  first  used  primarily  as  the  basis 
for  all  structural  dynamic  information  neces¬ 
sary  for  control  system  design, 

2.  It  was  later  used  to  substantiate  and 
verify  structural  dynamics  analyses  used  in 
designing  the  control  system. 

Obviously  then  its  primary  goal  is  always 
to  provide  assistance  in  the  design  of  a  reliable 
and  capable  control  system.  Inasmuch  as  the 
tests  are  primarily  concerned  with  the  control 
system,  there  are  several  items  available  from 
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Fig.  18.  Saturn  IB  vehicle  AS-202  lateral  bending 
frequencies  from  flight  and  test  data  (pitch) 


—  FULL-SCALE  DYNAMIC  1ESI  DATA 


FLIGHT  rtMKix-vl 

Fig.  19.  Saturn  IB  vehicle  AS-ZOi  lateral  bending 
frequencies  from  flight  and  test  data  (pitch) 


the  tests  that  are  not  readily  obtainable  (In  some 
cases,  not  obtainable  at  all)  from  the  theory. 
Some  of  these  are  (a)  total  integrated  vehicle 
structural  damping,  (b)  local  response  phenom¬ 
ena,  (c)  vehicle  modes  not  encountered  previ¬ 
ously,  and  (d)  dynamic  crosscoupling  not  pre¬ 
dicted  by  theory. 

The  change  that  has  occurred  in  the  basic 
uses  of  the  dynamic  test  program  is  shewn  in 
two  data  flow  lines  of  a  chart  for  the  design  of 
the  vehicle  control  system  (Fig.  21):  full-scaie 
test  inputs,  and  theoreticai  inputs.  Figure  21 
clearly  shows  that  the  total  vehicle  dynamics 
theory  used  in  the  design  of  the  control  system 


depends  upon  the  structural  theory  and  the  fuli- 
scale  tests  for  its  data  input.  In  the  early  days 
of  testing,  when  the  structural  theory  based  on 
a  single -beam  analysis  was  inadequate,  the  dia¬ 
gram  would  be  drawn  with  a  light  line  from 
structural  theory  and  a  heavy  line  from  fuli- 
scale  tests.  As  the  theory  improved  and  the 
muitibeam  analysis  came  into  use,  the  weight 
of  the  lines  would  reverse;  i.e.,  the  full-scale 
tests  inputs  would  be  iess  and  its  iine  would  be¬ 
come  lighter. 

As  stated  above,  the  total  vehicle  dynamics 
theory  uses  as  its  basic  inputs  the  results  from 
the  structural  theory  and  the  dynamic  tests. 
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Fig.  20.  Saturn  IB  vehicle  AS-205  configuration  comparison 


Fig.  21.  Data  flow  chart  for  desu-n  of  Saturn  V  vehicle  control  system 


The  theory  provides  natural  frequencies  and 
vehicle  mode  shapes.  The  full-scale  tests  verify 
this  theory  and  supply  additional  data. 

The  control  system  is  designed  on  the  basis 
of  total  vehicle  dynamics  theory,  which  considers 


not  only  the  vehicle  natural  frequencies  and 
response  characteristics,  but  also  the  engine 
dynamics,  propellant  oscillations,  and  rigid- 
body  charac  teristics.  Most  of  this  information 
is  obtained  from  additional  theory  and  other 
tests  not  discussed  here.  Following  the  control 


system  design,  an  analog  simulation  study  is 
made  of  the  combined  vehicle  and  control  sys¬ 
tem.  Statistical  evaluations  are  made  to  insure 
the  adequacy  of  the  control  system  design.  Fo1- 
lowing  the  eventual  flight  (which  might  be  con¬ 
sidered  as  an  additional  dynamic  test),  flight 
data  in  the  form  of  mode  shape  and  frequency 
data  are  compared  with  the  results  of  the  struc¬ 
tural  theory.  The  schematic  then  shows  the 
paths  of  checks  and  adjustments. 

Referring  again  to  Fig.  21.  a  block  repre¬ 
senting  scale-model  dynamic  tests  has  been 
inserted  to  show  the  role  these  models  will  play 
in  future  full-scale  test  programs.  Their  main 
purpose  would  be  to  provide  planning  for  per¬ 
formance  of  the  proposed  full-scale  test  pro¬ 
gram  with  minor  direct  inputs  to  the  ;otal  vehi  - 
cle  dynamics  theory.  It  seems  safe  to  say  that 
even  if  this  is  the  present  plan,  it  is  certainly 
hoped  that  scale  model  testing  could  eventually 
replace  the  full-scale  tests  completely. 

The  idea  of  using  scale  models  in  planning 
the  full-scale  test  programs  has  been  tried  with 
the  Saturn  I  1/5  scale  model  and  the  Saturn  V 
1/10  scale  model.  The  attempt  gained  little 
with  the  Saturn  I  model,  mainly  for  two  reasons: 

(a)  full-scale  tests  were  completed  prior  to 
obtaining  the  results  of  the  model  tests;  and 

(b)  the  model  itself  did  not  represent  the  full- 
scale  vehicle  to  a  sufficiently  high  degree  of 
accuracy. 


These  two  reasons  should  not  be  factors  in 
the  Saturn  V  model  test  Reries.  This  1/10  scale 
model  i3  a  very  accurate,  geometrically  scaled 
model  of  the  flight  vehicle,  and  its  development 
reaped  the  benefits  of  the  Saturn  I  model  and 
full-scale  tests.  This  model  has  been  subjected 
to  extensive  tests  at  NASA's  Langley  Research 
Center.  Figures  22  and  23  are  photographs  of 
the  Saturn  V  1/10  scale  model.  Note  the  detail 
and  workmanship  shown  in  Fig.  22. 

With  all  the  improvements  in  itructural 
theory  and  with  all  the  test  data  and  experience 
that  have  be:  .  acquired,  there  is  still  a  major 
problem  whose  answer  has  been  found  satis¬ 
factorily  only  from  the  tests;  predicting  the 
damping  of  a  complex  3pace  vehicle  from  a 
direct  analysis.  In  this  respect,  considerable 
emphasis  is  being  placed  on  damping  during  the 
Saturn  V  model  test  series  in  an  effort  to  use 
these  results  as  an  aid  to  analysis.  The  the¬ 
oretical  results  will  be  compared  wit*,  the  full- 
scale  Saturn  V  dynamic  test  results. 

FuT-scale  testing  has  been  invaluable,  but 
it  is  extremely  expensive,  requiring  the  manu¬ 
facture  of  a  test  vehicle,  transportation,  vast 
amounts  of  ground  support  equipment,  huge 
towers,  temendous  instrumentation  and  data 
acquisition  capabilities,  and  a  great  number  of 
test  personnel.  Of  course,  it  is  also  extremely 
time  consuming.  These  factors  will  only  be¬ 
come  more  pronounced  with  larger  and  more 


Fiy.  F.iliirn  V  l/IO  scute  muitel  thrust  ‘■tructurf  l.ibric  ition 


118 


Fig.  23.  Saturn  V  1/10  scale  model  sus¬ 
pended  in  test  position  at  Langley  Re 
search  Center 


complex  launch  vehicles;  therefore,  it  seems 
logical  to  give  consideration  to  the  improve¬ 
ment  of  scaling  laws  and  modeling  techniques. 

Properly  scaled  and  used,  geometrically 
scaled  models  should  prove  even  more  valuable 
than  have  the  full-scale  test  programs.  It  is 
possible  that  the  use  of  such  models  can  be 
dramatic  in  information  obtained;  it  is  certain 
that  their  use  will  considerably  lessen  the  ex¬ 
pense  and  complexity  involved  in  dynamic  test¬ 
ing  of  space  vehicles. 
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DISCUSSION 


Mr.  Ungar  (Bolt,  Beranek  t  Newman):  I 
am  a  little  bit  worried  about  your  statement 
concerning  the  scaling  of  damping  from  a  small 
model  to  a  full-scale  structure.  Do  you  have 
any  experience  in  that? 

Mr.  Jacobs:  I  don’t  think  I  made  a  state¬ 
ment  relative  to  scaling  the  damping.  If  I  did, 

I  did  not  mean  to.  Right  now  that  is  a  big  prob¬ 
lem.  What  I  meant  was  that  the  model  will  be 
used  extensively  to  understand  these  problems 
better.  At  the  present  time  I  believe  that  scal¬ 
ing  factors  are  really  not  clearly  understood  as 
far  as  damping  goes;  we  have  not  been  able  to 
predict  damping  theoretically.  We  have  always 
had  to  measure  it  on  the  total  integrated  vehi¬ 
cle.  This  is  one  reason  that  the  full-scale  test 
program  could  not  be  eliminated. 

Mr.  Ungar:  How  did  you  excite  the  vehicle  ? 
I  don’t  believe  that  was  mentioned. 

Mr  Jacobs:  We  had  no  unusual  methods. 
We  used  electrodynamic  shakers,  sinusoi¬ 
dally. 


Mr.  Ungar:  What  about  the  attachment  of  a 
shaker  to  the  vehicle?  Did  you  have  a  big  ring 
fixture  around  th<  oottom? 

Mr.  Jacobs:  On  the  early  Saturn  I,  Block  I 
vehicles,  before  fins  were  attached,  we  puncher) 
a  hole  In  the  thrust  structure,  went  right  in,  and 
attached  to  the  "web.”  We  did  not  use  any  rings. 
All  of  the  shaker  forces  except  for  cantilever 
thrusts  were  introduced  at  the  engine  gimbal 
planes.  On  the  vehicle  with  fins  we  attached 
directly  to  the  fin.  We  used  a  1500  lb  shaker 
in  lateral  planes  and  a  500  lb  shaker  in  roll 
planes.  I  might  mention  that  we  used  water  to 
simulate  propellant  and  lox,  and  styrofoam 
balis  for  liquid  hydrogen. 

Dr.  Morrow  (LTV  Research  Center):  I 
take  it  you  measured  force  rather  than  ac¬ 
celeration. 

Mr.  Jacobs:  Yes,  we  measured  the  force 
that  the  shaker  introduces  at  that  point.  How¬ 
ever,  we  did  have  accelerometers  mounted  on 
the  vehicle  itself.  We  used  some  150  accel¬ 
erometers  on  the  I  and  IB  and  about  six  on  the 
rate  gyro  packages,  varying  from  two  to  three 
per  package. 

* 
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BUFFET  RESPONSE  MEASUREMENTS  OF  A  SEVEN 
PERCENT  AEROELASTICALLY  SCALED  MODEL 
OF  VARIOUS  TITAN  III  CONFIGURATIONS 


a 


Jerome  T.  Uchiyarra  and  Frank  W.  Peters 
Martin-Marietta  Corporation 
Denver,  Colorado 


Between  January  1966  and  May  1967,  a  7  percent  scale  aeroelastic  model  of  the  Titan  '.II  with 
various  payloads  was  tested  in  the  16-ft  transonic  propulsion  wind  tunnel  at  the  Arnold  Engi¬ 
neering  development  Center,  Tullahoma,  Tennessee,  to  measure  and  determine  ways  to  reduce 
buffet  loads.  Because  of  the  variety  and  extraordinary  shapes  of  some  of  the  payloads  tested, 
it  is  lelt  that  the  results  are  unique  and  will  provide  useful  information  to  the  aerospace  industry. 

Buffet  loading  for  launch  vehicles  is  associated  with  high  turbulence  occurring  within  the  sepa¬ 
rated  flow  region  surroundinp  the  payload  area.  A  major  problem  in  analytically  predicting 
buffet  loading  is  that  the  loads  are  dencndent  on  geometrical  shape.  Consequently,  direct  test¬ 
ing  of  the  various  configurations'  buffet  response  was  necessary. 

There  were  three  basic  configurations  tested:  (a)  single-body  Titan  IIIA;  (b)  three-body  basic 
Tittn  III  with  5-segment  solid  rocket  motors;  and  (c)  three-body  Titan  III  with  7- 1 /2-segment 
solid  rocket  motors.  Payload  variations  and  "fixes"  to  reduce  buffet  loading  applied  to  these 
basic  configurations  resulted  in  a  total  of  30  test  configurations.  Each  configuration  was  tested 
over  a  Mach  number  range  of  0.6  to  1.4  at  nominal  dynamic  pressure.  Response  level  changes 
resulting  from  angle  of  attack  and  dynamic  pressure  variations  were  also  determined.  (Acous¬ 
tic  sound  level  measurements  were  also  taken,  but  these  results  are  not  presented.) 

The  model  was  constructed  internally  from  thin  aluminum  tubing  cut  to  simulate  full-scale 
stiffness  in  the  pitch  and  yaw  planes.  Thin  segmented  aluminum  cylinders  and  balsa  wood  were 
used  to  obtain  the  external  geometrical  shape.  The  model  was  mounted  on  soft  elastic  springs 
located  at  or  near  the  node  points  of  the  two  free-free  elastic  modes  to  minimize  the  restraint 
effect  of  the  springs.  Measurements  of  bending  moment  were  obtained  with  four-arm  strain- 
gage  bridges  located  along  the  model  in  the  pitch  and  yaw  planes.  Buffet  response  data  were 
recorded  on  tape  and  analyzed  through  digital  computers  to  obtain  power  spectral  densities. 

Results  from  the  test  show  that  peak  buffet  response  occurred  at  Mach  numbers  between  0.9 
and  0.95.  la  all  stable  cases  the  peaks  are  pronounced  and  .  re  about  five  times  the  off-peak 
buffet  response.  Tlesults  of  dynamic  pressure  and  angle  of  attack  variation  show  no  definite 
trend  but  are  presented  in  the  curves.  The  effect  of  the  fixes  in  reducing  buffet  response  are 
also  presented.  Methods  and  results  of  this  test  and  its  application  to  the  full-scale  vehicle 
are  presented. 


INTRODUCTION 

Knowledge  of  bullet  phenomena  ts  impera¬ 
tive  during  the  design  stages  of  space  launch 
vehicles,  especially  from  the  standpoint  of  the 
additional  loads  it  produces  along  the  entire 
vehicle.  Bullet  is  associated  with  high  turbu¬ 
lence  occurring  within  the  separated  flow 
regions  surrounding  space  vehicle  payload 
areas  and  substantially  increases  the  total 
loading  occurring  on  space  vehicles.  It  is  nec¬ 
essary  to  know  the  amount  of  buffet  loading 
accurately  to  Insure  sufficient  design  strength 
and  rigidity.  Buffet  loading  levels  are  affected 


by  geometrical  shape,  and  for  this  reason  ana¬ 
lytical  prediction  is  difficult.  Because  of  the 
many  different  geometrical  payload  shapes  to 
be  attached  to  the  core  of  the  Titan  III  family  of 
three-body  space  launch  vehicles,  direct  wind- 
tunnel  testing  of  scale  models  to  determine 
buffet  loading  levels  that  would  occur  on  full- 
scale  vehicles  was  required.  The  interaction  of 
the  unsteady  aerodynamic  forces  with  the  elas¬ 
tic  motion  of  the  vehicle  may  cause  excessive 
loads  to  occur  and  therefore  required  that  an 
elastic  model  be  tested.  Reference  [l]  demon¬ 
strates  that  using  judicious  dimensional  con¬ 
siderations  in  the  design  of  scale  models  can 
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insure  confidence  in  the  prediction  of  full-scale 
buffet  response. 

This  paper  presents  results  of  buffet  re* 
sponge  test  measurements  of  7  percent  aero- 
elaa  ically  scaled  models  of  three  basic  Titan 
iu l  -cnflguratlons  with  varioui  payloads.  These 
tests  wore  conducted  between  January  1966  and 
May  1967  3t  the  16-ft  transonic  propulsion  wind 
tunnel  located  at  the  Arnold  Engineering  Devel¬ 
opment  Center,  Tullahoma,  Tennessee.  The 
measurements  taken  were  of  the  bending  moment 
response  to  buffet  at  various  locations  along  the 
vehicle  over  a  Mach  number  range  of  0.6  through 
1.4.  The  effect  of  variation  of  pitch  angle  of  at¬ 
tack  ^  and  dynamic  pressure  q  upon  bending 
moment  response  was  investigated. 


CONFIGURATIONS 


T’.iree  basic  configurations  were  tested. 

1.  The  Titan  II LA  is  a  120-ln.-diam  three- 
stage  single  body  with  a  15-deg  conical  nose 
payload  fairing  (Figs,  la,  2). 

2.  The  Titan  Q1C  is  a  three-body  configu¬ 
ration  (Fig.  lb).  The  three  bodies  are  a  core 
that  is  identical  to  the  Titan  niA  plus  a  5- 
segment  solid  rocket  motor  (SRM)  strapped  to 
each  side  of  the  core.  The  third  stage  of  the 
core  of  this  configuration  was  either  a  transtage 
or  a  Centaur.  The  payloads  had  nose  cone 
shapes  like  those  shown  in  Figs,  lb,  lc,  3,  4, 
and  5. 


Fig.  1.  Details  of  the 
Titan  III  booster 


*  /  •) 


Fig.  Z.  Configuration  1,  installed 


CONFIGURATION  2a  TITAN  IDC  15*  CONICAL  NOSE  FAIR 
CONFIGURATION  2b  TITAN  fflC  BULBOUS  NOSE  FAIRING 


i . 

*'  i  r 
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Fig.  3.  Configuration  2b,  Centaur- Voyager  unshrouded 


Fig.  4.  Configuration  2t>,  Centaur- Voyager  shrouded 


3.  The  Titan  IIIC  is  the  same  as  the  second  (PWT)  at  the  Arnold  Engineering  Development 
basic  configuration,  except  that  SRM's  were  Center  (AEDC).  The  PWT  is  a  continuous  flow, 

7-1/2  instead  of  5  segments;  the  core  was  ex-  closed-circuit  wind  tunnel  capable  of  operation 

tended  to  incorporate  Apollo,  Gemini  capsule,  with  stagnation  pressure  levels  of  40  to  4000 

and  other  payloads  (Figs.  6a,  6b,  and  7).  psf.  The  test  section  measures  16  by  16  by  40 

ft  and  is  lined  with  perforated  plates  to  allow 
continuous  operation  with  minimum  wall  inter- 
TEST  FACILITY  ference  in  the  Mach  number  range  of  0.5  to  1.6. 

Tests  were  conducted  in  the  transonic  wind-  The  test  section  used  was  a  removable  cart 

tunnel  circuit  of  the  16T  propulsion  wind  tunnel  that  becomes  an  integral  part  of  the  tunnel  upon 
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Fig.  7.  Configuration  3b,  installed 


Its  insertion.  The  cart  contained  a  sting  sup¬ 
port  system  with  a  pitch  adjusting  mechanism. 
A  more  detailed  description  of  the  wind  tunnel 
is  given  in  Ref.  [2]. 


SCALING 

A  7  percent  aeroelastically  scaled  model 
was  the  maximum  size  allowed  because  of 
blockage  limitations  of  the  tunnel.  Geometric 
and  dynamic  properties  were  scaled  from  the 
full-scale  vehicle.  A  mismatch  in  Reynolds 
number  and  Froude  number  occurred  because 
of  linear  scaling.  The  Reynolds  number  is  the 
ratio  of  inertia  to  viscous  forces  in  a  flowing 
medium  and  is  defined  as  Re  (-VD)  ;  the 

Froude  number  is  the  ratio  of  inertia  to  gravity 
forces  and  is  defined  as  Fr  V*  a.*)  —  .  =  den¬ 
sity,  V  =  velocity,  D  =  an  equivalent  diameter, 
e  =  absolute  viscosity,  L  =  a  characteristic 
length,  K  =  acceleration  due  to  gravity.  The 
test  was  conducted  through  a  Reynolds  number 
range  of  1.2xl06to  3.7xl06,  which  was  ade¬ 
quate  to  produce  turbulent  boundary  layer  at 
separation  points.  The  Froude  number  accounts 
for  the  effect  of  gravity  and,  because  of  the  7 
percent  scale,  was  considered  to  have  negligible 
effect  upon  the  test  results.  The  mode’  ;,as 
designed  to  simulate  the  weight  co  iditions  oc¬ 
curring  at  Mach  1.0.  A  more  detailed  summary 
of  scaling  and  model  properties  is  given  in 
Ref.  [3j. 


FABRICATION  AND  INSTALLATION 

The  core  and  SRM's  were  constructed  from 
aluminum  tubing  machined  to  simulate  full-scale 
Stillness  in  the  pitch  .-nd  yaw  planes.  Steel 
weights  were  clamped  alorg  the  length  of  the 
tubing  at  locations  required  to  meet  the  scaled 
weight  and  c.g.  conditions  of  the  Mach  1.0  flight 
conditioi.  The  payloads  were  designed  to  meet 
scaled  mass  ar.d  c.g.  requirements  but  not  stiff¬ 
ness.  The  payloads  were  constructed  of  balsa 
wood  and/or  aluminum  covered  with  fiber-glass 
cloth.  Thin  segmented  aluminum  cylinders  and 
balsa  wood  were  used  to  obtain  the  external 
geometric  shape.  Spaces  between  each  cylinder 
segment  were  filled  with  rubber  base  compound 
to  provide  smooth  aerodynamic  flow  over  the 
cylinders. 

A  single  prong  sting  (for  a  single-body  con¬ 
figuration)  or  a  three-prong  sting  (for  three- 
body  configurations)  was  inserted  into  the  model. 
The  model  was  attached  to  the  sting  through  soft 
elastic  springs  located  at  or  near  the  node  points 
of  the  first  two  free-free  elastic  modes  to  mini¬ 
mize  the  restraint  effect  of  the  springs.  The 
springs  werp  designed  so  that  the  rigid  body 
motion  of  the  model  on  the  soft  springs  would 
not  interact  with  the  structural  elastic  response 
of  the  model.  Figures  5,  8,  and  9  depict  the 
installation  sequence  performed  for  each 
configuration. 
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Fig.  8.  Model  sting  support  system 


Fig.  9.  Internal  model  structure 


INSTRUMENTATION 

The  following  transducers  were  Installed 
on  the  model:  strain  gages,  accelerometerp, 
microphones,  and  deflection  indicators.  Lead 
wires  from  the  transducers  were  routed  through 
the  model  sting  to  the  AEDC  facility  sting  sup¬ 
port  boom. 

Nine  or  12  stations  along  the  model  core 
(depending  on  the  configuration  to  be  tested) 


were  allocated  for  strain  gages  to  obtain  meas¬ 
urements  of  bending  moment  in  the  pitch  and 
yaw  planes  (see  Table  1).  Additional  strain 
gages  were  arranged  to  determine  the  pitch  and 
yaw  deflection  or  load  of  the  model  support 
flexures  tying  the  core  and  SRM's  to  the  sting 
support  system. 

Microphones  were  flush  mounted  along  the 
core  and  SRM's  to  measure  sound  pressure 
levels  attained  at  various  Mach  numbers.  Care 
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TABLE  1 

Bending  Moment  Strain  Gage  Locations 


Gage 

Number 

Model  Station 
(configura¬ 
tions  1,  2) 

Model  Station 
(configura¬ 
tion  3) 

1 

18.55 

-13.84 

2 

24.50 

6.86 

3 

30.65 

20.16 

4 

33.75 

21.41 

5 

38.20 

23.16 

6 

44.40 

33.73 

7 

52.25 

35.48 

8 

59.75 

51.98 

9 

70.80 

53.98 

10 

— 

55.36 

11 

— 

69.41 

12 

— 

70.73 

was  taken  that  bulky  lead  wires  and  cathode  fol¬ 
lowers  associated  with  the  microphone  systems 
did  not  affect  model  damping,  stiffness,  and 
weight  properties.  These  results  are  presented 
in  Ref.  [4]. 

To  measure  model  angles  of  attack  in  pitch 
and  yaw,  deflection  measuring  potentiometers 
were  mounted  at  the  model  support  spring  at¬ 
tach  points.  A  dangleometer  was  installed  just 
aft  of  the  model  on  the  sting  support  system  to 
measure  sting  deflection. 


TEST  CONDITIONS  AND 
PROCEDURES 

The  tests  were  conducted  through  a  Mach 
number  range  of  0.6  to  1.40,  angles  of  attack  of 
0  to  4  deg,  stagnation  temperatures  from  100* 
to  110®,  dynamic  pressures  from  80  to  130  per¬ 
cent  of  nominal  full-scale  equivalent  dynamic 
pressure  shown  in  Fig.  10,  and  Reynolds  num¬ 
bers  erf  1.2  xlO6  through  3.7x10  ’,  also  shown 
in  Fig.  10. 

Testing  was  conducted  in  two  phases,  wind 
off  and  wind  on.  During  the  wind-off  phase,  vi¬ 
bration  data  were  obtained.  This  included  ob¬ 
taining  mode  shapes  and  frequencies,  structural 
damping  present  in  each  mode,  and  the  bending 
moment  response  in  each  mode  along  the  vehi¬ 
cle  length.  This  last  step  was  done  primarily 
to  insure  ’hat  the  instrumentation  was  perform¬ 
ing  correctly,  that  there  were,  for  example,  no 
loose  gages.  During  the  wind-on  phase,  the 
buffet  response  at  each  sensor  was  recorded  on 
tape  for  later  digitization  for  use  with  digital 
computer  programs,  visually  presented  on  oscil 
lographs,  and  presented  as  rms  values  through 
on-line  integrating  circuits.  Usually,  a  50-sec 
integrating  time  was  used.  Bandpass  filters 
were  used  to  filter  out  response  of  the  rigid 
body  modes,  to  obtain  the  total  response  of  the 
elastic  modes,  and  to  obtain  the  contribution  of 
the  first  elastic  mode  to  the  total  response. 

Television  cameras  were  used  to  observe 
the  model  during  the  wind-on  phase.  Standard 


Fifj.  10.  Variation  of  Reynolds  number  and 
dynamic  pre^sur**  v.ith  Mach  number 
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motion  picture  cameras  were  used  to  photograph 
the  general  response  of  the  vehicle.  Schlieren 
cameras  were  used  to  obtain  photographs  at  the 
flow  pattern  around  tue  vehicle  at  each  Mach 
number.  Also,  a  brake  was  Installed  In  the  pay- 
load  of  each  configuration  to  damp  out  any  exces¬ 
sive  vehicle  response  that  might  occur  and  thus 
prevent  model  damage. 


RESULTS 

The  analytical  and  experimental  vibration 
data  for  the  test  configurations  described  here 
are  presented  in  Fig.  11.  These  curves  show 
that  the  model  was  slightly  stiller  than  the  full- 
scale  vehicle,  but  the  mode  shapes  are  in  fairly 
good  agreement  and  corrections  lor  frequency 
differences  were  made. 


Fig.  U(a).  First  elastic  model  mode  shapes 


Fig.  11(b).  First  elastic  model  mode  shapes 
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Fig.  11(e).  First  elastic  model  mode  shapes 


Assuming  a  free-lree  system,  the  bending 
moments  were  computed  by  summing  the  Inertia 
loods  and  taking  the  first  moment  of  the  shear 
fort  es: 


(moment  j '  ■■  -  [!  i  [MHi-j } 

where  . .  Is  the  frequency  associated  with  the 
ith  mode  in  radians  per  second,  [!'i  Is  the  dis¬ 
tance  between  inertia  loading  points,  !M;  is  the 
diagonal  mass  matrix,  ; .  is  the  experimental 
mc^el  deflection  along  the  vehicle  in  the  ith 
mode,  and  moment t  is  the  bending  moment  in  the 
ith  mode.  The  first,  second,  and  third  elastic 
mode  contributions  (q,,  qI(  and  qJt  respectively) 
to  the  total  elastic  response  were  found  at  each 
vehicle  station.  (It  was  assumed  that  the  total 
elastic  vehicle  mean  squared  response  was  the 
sum  of  the  first  three  elastic  mode  mean 
squared  responses.)  In  addition,  damping  per 
mode  (ct,  Cj,  Cj)  between  the  model  and  the 
full-s-ale  vehicle  was  determined  on  the  basis 
of  the  fact  that  a  viscously  damped  system  is 
proportional  to  the  square  of  the  stress  or  am¬ 
plitude;  therefore, 


bonding  moment 


^ _ motif!  ^  £ 

lull  h  c  a | v  I 


The  mean  squared  bending  moment  per 
mode  at  each  vehicle  station  was  computed  as 


. nr. in  squared  bending 
moment  per  mode 


where 


measured  mean  squared  l>ending  moment 
.  ,  in  each  mode  at  station  X 

cotpu-ed  squared  bend  in,',  moment 
in  each  mode  at  station  X 

Each  mode  is  then  scaled  to  full-scale 
equivalence.  The  full-scale  bending  moment 
varies  as  «* 3  x  model  bending  moment  because 
of  dimensional  considerations;  n  Is  equal  to 
length  (model)  divided  by  length  (full  scale). 

Also  corrections  for  the  mismatch  In  dynamic 
pressure  (q)  and  frequency  (  )  weie  applied. 

With  all  factors  considered,  the  full-scale  modal 
bending  moment  becomes 

[ful l -scale  mean  squared 
bending  moment  per  mode 


mean  squared 
bending  moment 
per  mode 


The  total  mean  squared  oendlng  moment  is  ob¬ 
tained  by  adding  the  mean  squared  bending  mo¬ 
ment  of  the  first,  second,  and  third  modes  and 
taking  the  square  root  of  their  sum. 

Buffet  response  data  were  obtained  from 
the  pitch  and  yaw  planes,  but  only  the  peak  pitch 
plane  response  data  at  one  vehicle  station  are 
presented  here.  The  pitch  plane  response  was 
higher  in  most  instances  than  the  yaw  plane  re¬ 
sponse  and  presents  a  clearer  picture  of  re¬ 
sponse  variation  over  the  Mach  number  range. 
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These  results  are  presented  In  Figs.  12  through  760.  At  0-deg  angle  o f  attack,  the  peak  bending 

16  as  rms  buffet  response  vs  Mach  number.  moment  occurred  at  Mach  1.1.  At  4 -deg  angle 

of  attack  there  were  three  definite  Mach  number 
Figure  12  presents  the  data  for  peak  re-  peaks,  with  response  levels  generally  lower  than 

sponse  in  the  pitch  plane  of  configuration  1  for  at  0-deg  angle  oi  attack.  The  loads  induced  by 

nominal  dynamic  pressure  (100  perceLt  q)  and  buffet  forces  were  very  low,  in  fact  so  low  that 

angles  of  attack  of  0  and  4  deg  at  vehicle  station  the  response  was  probably  a  result  of  wind  tunnel 


MACH  NUMBER 


Fi  ;  12.  Buffet  bending  miment  response  for  configuration  1 


MACH  NUMBER 

Fig.  13.  Buflet  bending  moment  response  for  configuration  da 

131 


V 


/ 


700 


600 


£  500 


u:  400 
Z 


u  300 

a 

o 

3 


200 


100 


BENDING  WOMEN T  RESPONSE 
CONFIGURATION  2b 
at  model  station  36.4 
ancle  o*  attack  •  0* 


CrXTAU  A- VOYAGE*  UKSHAOUDCD 


10.603 


9.090  «T 


7. 575  '. 

c 

£ 

6.060  2 


.6  .7  .6  1.0  1.1  1.2  1.3  1.4 

MACH  NUMBER 

Fig.  14.  Buffet  bendirg  moment  response  for  configuration  2b 


«* 

4.545  < 


i 

3 
< 
m 
J 
J 

3.030  £ 

1.515 


1400 


1200 


r  1000 

if 

5 

2  600 

W 

Z 

o 

z 

J  60C 
u 
a 
o 

z 

400 


200 


BENDING  MOMENT  RESPONSE 
CONFIGURATION  3a 
at  model  station  35, 
angle  of  attack  ■  0* 


i  — .  > 


28.98 


2C.7b  * 


K.Sfc  H 

Z 

u 

Z 


«3 

J 

< 

K 

8.28  J 
3 


.8  .8  1.0  1.1  1.2  1.3  1.4  1.3 

MACH  NUMBER 


Fig.  15.  Buffet  bending  moment  response  for  configuration  3a 


noise.  Figures  13  and  17  present  the  peak  pitch 
plane  response  lor  configuration  2a  with  conical 
nose  payload  lairing  «.t  vehicle  station  560  lor 
100  percent  q  and  0-  and  4-deg  angle  of  attack. 
At  0-deg  angle  of  attack  a  broad  peak  of  770,000 
in. -lb  occurred  between  Mach  0.8  and  0.9,  dipped 
to  620,000  in.- lb  at  Mach  0.95,  peaked  again  to 
740,000  in.-lb  at  Mach  1.0,  and  then  decreased 


steadily  at  the  higher  Mach  numbers.  At  4-deg 
angle  of  attack,  peak  response  occurred  at  Mach 
1.0  with  a  value  of  400,000  in.-lb,  approximately 
one  hall  ol  the  response  at  0-deg  angle  oi  attack. 
Figure  14  presents  the  peak  pitch  plane  response 
lor  configuration  2b  with  a  bulbous  payload  at 
vehicle  station  500.  This  bulbous  payload  had  a 
diameter  of  260  in.  and  a  length-to-rilameter 


132 


Fig.  16.  Buffet  bending  moment  response  for  configuration  3b 
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Fig.  17.  Buffet  response  with 
variation  of  angle  of  attack 


ratio  (L/D)  of  0.385.  The  data  presented  are  for 
100  percent  q  and  0-deg  angle  of  attack.  This 
configuration  demonstrated  unstable  tendencies 
from  the  beginning  of  the  wind  tunnel  run,  so  a 
close  watch  was  kept  on  its  response  charac¬ 
teristics  as  each  Mach  number  setting  was  at¬ 
tained.  As  demonstrated  in  Fig.  14,  a  sharp 
Increase  in  response  occurred  at  Mach  0.8;  so 


it  was  decided  not  to  risk  losing  the  model  by 
trying  to  obtain  data  at  higher  Mach  numbers. 

A  value  for  bending  moment  of  1,930,000  in. -lb 
was  obtained  at  Mach  0.8.  Because  of  the  ex¬ 
pected  high  buffet  loading  for  this  configuration, 
several  "fixes"  had  been  designed.  The  effect 
of  one  of  the  fixes  in  reducing  *'ie  buffet  loading 
is  also  shown  on  Fig.  14.  This  fix  was  to  add  a 
cylindrical  shroud  of  the  same  diameter  as  the 
payload  until  the  L/D  ratio  exceeded  a  value  of 
1.0  (Fig.  18).  The  actual  L/D  ratio  for  this  fix 
was  1.13.  This  fix  reduced  the  buffet  loading  to 
acceptable  levels.  Peak  pitch  plane  response 
occurred  at  vehicle  station  520  at  Mach  0.725 
and  0  angle  of  attack  with  a  response  value  of 
620,000  in.-xb.  This  was  a  68  percent  reduction 
in  buffet  loading.  Because  of  the  success  in  re¬ 
ducing  the  loads,  more  parameter  variations 
were  conducted  using  this  fix.  Dyn;  nic  pres¬ 
sure  (q)  variations  with  values  of  90,  110,  130, 
and  150  percent  of  nominal  were  conducted. 
These  results  are  shown  in  Fig,  19.  Additional 
angle  ol  attack  values  of  1  and  2  deg  were  con¬ 
ducted  with  100  percent  q.  These  results  are 
shown  in  Fig.  17. 

The  Apollo  with  stiff  launch  escape  system 
(LES)  configuration  results  are  3hown  in  Fig. 

16.  The  peak  pitc.i  plane  response  at  vehicle 
station  507,  0-deg  angle  of  attack,  and  100  per¬ 
cent  q  occurred  at  Mach  0.9*,  with  a  bending 
moment  value  of  697,000  in.-lb.  Figure  20 
presents  the  effects  of  dynamic  pressure  varia¬ 
tion  at  80  and  120  percent  of  nominal  q  upon  the 
buffet  response  for  the  Apollo  configu.  ation. 
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Fig.  18.  Titan  X1IC  bulbous  nose  (airing  with  added  shroud 


Fig.  19.  Effect  of  dynamic  pressure  on 
buffet  response  for  configuration  2b 


Figure  20  depicts  the  results  of  linear  and 
square  root  ratios  of  the  actual  dynamic  pres¬ 
sure  (q1)  to  the  nominal  dynamic  pressure  (q). 
These  results  show  that  the  response  varies 
linearly  with  dynamic  pressure,  indicating  that 
the  aerodynamic  damping  present  in  the  sys¬ 
tem  was  small  [5].  Reference  [5]  states  that 
for  the  case  where  aerodynamic  damping  is 
large  relative  to  structural  damping,  the  rms 
bending  moment  varies  with  the  square  root  of 
the  dynamic  pressure,  and  when  the  aerody¬ 
namic  damping  is  small  relative  to  structural 
damping  the  rms  bending  moment  varies  lin¬ 
early  with  dynamic  pressure.  The  equivalent 
viscous  damping  was  less  than  3  percent  for 
this  configuration. 


The  results  of  an  extended  core  configura¬ 
tion  witi.  7- 1/2- segment  SRHiTe  and  a  Gemini 
capsule  are  shown  in  Fig.  15.  The  peak  pitch 
plane  response  at  vehicle  station  507,  0-deg 
angle  of  attack,  and  100  percent  q  occurred  at 
Mach  0.95  with  a  beading  moment  value  of 
1,289,000  in.-lb.  The  flow  patterns  about  the 
payloads  are  shown  in  Fig.  21.  The  Schlieren 
photographs  show  a  large  turbulent  separated 
flow  region  at  Mach  numbers  2  0.9.  Figure  21 
shows  the  flow  and  shock-wave  patterns  for 
Mach  numbers  0.7,  0.8,  0.9,  0.95,  1.0,  and  1.1 
for  configurations  3a  and  3b. 

There  were  many  other  configurations  and 
fixes  tested,  but  space  limits  their  presentation 
and  discussion  here.  References  [5],  [6],  and 
[7]  present  these  results. 


CONCLUSIONS 

The  primary  conclusions  drawn  from  the 
test  results  presented  are: 

1.  Peak  buffet  response  occurs  at  sub¬ 
sonic  Mach  numbers. 

2.  The  Titan  11IA  single-body  configuration 
produces  very  low  buffet  loading. 

3.  Large-diameter  bulbous  payloads  with 
blunt  noses  and  L/D  ratios  less  than  1.0  will 
produce  excessive  buffet  loading  (Voyager 
payload). 


4.  Excessive  bufiet  loading  obtained  on  the 
Voyager  payload  configuration  can  be  reduced 
to  reasonable  levels  by  increasing  the  L/D  ratio 
to  greater  than  1.0  by  addition  of  a  shroud  with 
the  same  diameter  as  the  payload. 

5.  Titan  IIIC  configuration  with  5-,  7-,  or 
7-1/2-segment  SR  M's  and  sta'tdard  nose  fair¬ 
ings  do  not  produce  excessive  buffet  loading. 


6.  There  Is  a  significant  increase  in  buffet 
response  in  configuration  3  over  configuration 
2. 

7.  in  general,  a  decrease  in  load  occurs 
with  angle  of  attack. 

8.  Buffet  loads  vary  linearly  with  varia¬ 
tions  in  q  for  Apollo  payload. 
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DISCUSSION 


Voice:  What  was  the  model  constructed  of, 
and  what  was  Ps  thickness  ? 

Mr.  Uchiyama:  It  wa.  constructed  from 
aluminum  tubing.  We  did  .  >t  use  a  uniform 
thickness.  It  was  not  a  complete  cylinder. 

The  model  we  used  simulated  only  the  pitch  and 
yaw  planes;  it  was  a  skeleton- like  fabrication. 
There  is  a  picture  in  the  report  which  shows 
how  t;:e  model  was  cut  out  to  simulate  the  full- 
scale  system. 

Voice:  Did  you  use  strain  gages  on  the 
model  ? 

Mr.  Uchiyama:  Ye3. 

Voice:  Did  you  make  any  pressure  meas¬ 
urements  oa  the  model  itself? 

Mr.  Uchiyama:  No. 


Voice:  1  believe  you  have  made  some  meas¬ 
urements  on  a  five  percent  model.  Have  you 
tried  correlating  those  ? 

Mr.  Uchiyama;  At  this  time  they  have  not 
been  correlated. 

Voice:  Did  the  loads  correlate  with  your 
strain  gage  measurements? 

Mr.  Uchiyama:  It  would  be  a  reaily  good 
check  to  see  if  one  could  define  the  buffet  forc¬ 
ing  function  and  then  force  the  model  with  that 
forcing  function  and  see  if  the  responses  check 
with  the  actual  test  results. 

Voice:  Are  you  planning  more  tests,  say 
with  different  configurations,  more  body  stick¬ 
ing  out,  and  this  sort  of  thing? 

Mr.  Uchiyama:  Not  that  1  know  of. 


*  *  * 
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HIGH-FORCE  VIBRATION  TESTING  OF  THE 


SATURN  S-IVB  STAGE* 


L.  G.  Smith 

McDonnell  Douglas  Corporation 
Huntington  Beach,  California 


In  testing  the  Saturn  I  instrument  unit,  large  strains  induced  by  low-frequency 
modal  behavior  caused  structural  failures  at  points  undetected  durine  qualifi¬ 
cation  testing  of  detail  assemblies.  To  ensure  the  structural  integrity  of  the 
]  Saturn  V  launch  vehicle,  N.'  “A  prime  contractors  performed  high-force  dy¬ 
namic  tests  on  subassemblies  of  their  respective  stages.  High-force  vibra¬ 
tion  testing  by  the  Douglas  Missile  and  Space  Systems  Division  of  two  large 
subassemblies  of  the  S-IVB  stage  is  described.  Included  are  program  man¬ 
agement,  test  specimens,  test  fixtures,  test  criteria,  test  control,  test  data 
system,  and  test  results. 


INTRODUCTION 

Vibration  of  major  structural  assemblies, 
referred  to  as  hlgh-force  testing,  for  dynamic 
environmental  simulation  was  initiated  by  the 
Marshall  Space  Flight  Center  in  testing  the 
Saturn  I  instrument  unit.  Large  strains  Induced 
by  low-frequency  modal  behavior  caused  struc¬ 
tural  failures  at  weak  points  which  went  unde¬ 
tected  a-  ring  quaTfication  testing  of  detail  as¬ 
semblies.  To  ensure  that  low-frequency 
vibration  would  not  impair  the  structural 
integrity  of  the  Saturn  V  launch  vehicle,  NASA 
prime  contractors  were  requested  to  perform 
high-force  dynamic  tests  on  structural  subas¬ 
semblies  of  their  respective  stages.  This 
paper  describes  the  testing  accomplished  by 
the  Douglas  Missile  and  Space  Systems  Divi¬ 
sion  on  two  large  subassemblies  of  the  S-IVB 
stage. 


PROGRAM  MANAGEMENT 

To  maintain  cost  and  schedule  control,  a 
taskforce  management  team  was  created,  and 
a  team  manager  assigned.  Team  members  In¬ 
cluded  an  assignee  from  each  manufacturing, 
engineering,  and  laboratory  function  Involved. 
Representatives  of  program  management  and 
contract  departments  were  Included  to  repre¬ 
sent  contractual  aspects  of  the  test,  with  regard 


both  to  NASA  and  the  testing  vendor,  Thiokol 
Corporation.  A  PERT  representative  was  as¬ 
signed  to  gather  PERT  program  inputs  and 
interpret  program  outputs.  Figure  1  shows  the 
team  organization. 

The  team  met  weekly  for  the  purpose  of 
airing  all  problem  areas  and  assigning  correc¬ 
tive  action  to  the  specific  responsible  beam 
member.  Progress  on  all  such  items  was  re¬ 
viewed  weekly  until  the  corrective  action  was 
completed.  PERT  outputs  served  as  an  adjunct 
to  the  basic  problem-detection  function  of  the 
team.  After  vendor  selection,  vendor  inputs 
were  Included  in  the  PERT  program,  and  vendor 
status  was  verbally  reported  at  the  weekly 
meetings.  To  create  an  appropriate  working 
atmosphere,  the  team  meetings  were  informal 
and  documentation  was  limited  to  a  weekly 
agenda  and  action  item  summary. 

The  ultimate  purpose  of  the  team  was  to 
assure  delivery  of  the  correct  specimens  to  the 
vendor’s  test  site,  and  to  assure  that  at  that 
time  the  test  v  as  ready  to  proceed.  Thus  when 
delivery  was  accomplished,  the  team  was  dis¬ 
solved  and  responsibility  for  test  activity  was 
mutually  assigned  to  a  test  director  represent¬ 
ing  development  engineering,  and  a  test  conduc¬ 
tor  representing  the  engineering  laboratories 
and  the  contracts  department.  Thp  team  man¬ 
ager  was  maintained  to  coordinate  the  required 


♦Phases  of  work  presented  here  were  accomplished  by  the  Douglas  Aircraft  Missile  and  Space  Sys¬ 
tems  Division  under  the  Saturn  S-IVB  contract  NAS7-101  from  NASA's  Marshall  Space  Flight  Center. 
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Fig.  1.  Test  tAsk  team  organization 


in-plant  support,  but  primary  control  was  main¬ 
tained  at  the  vendor  site  to  preclude  test  delays. 
Fortunately,  the  difficulties  arising  during  test¬ 
ing  were  sufficiently  minor  to  allow  on-site 
resolution,  and  delays  were  actually  avoided. 

A  valuable  aid  to  this  responsive  type  of  pro¬ 
gram  management  was  the  assignment  of  NASA 
personnel  to  the  test  site,  so  that  Immediate 
approval  of  program  implementation  was 
possible. 


TEST  SPECIMENS 

The  test  specimen  included  two  260-ln.- 
dlam  structural  subassemblies:  the  forward 
skirt  and  boattail  specimens.  Figure  2  shows 
these  specimens  as  they  relate  to  the  S-IVB/V 
stage. 

All  specimen  structure  and  bracketry  wa3 
production  configured  and  assembled  by  Douglas 
production  departments.  Large  elastic  mem¬ 
bers,  such  as  propulsive  system  ducting,  were 
also  production  configured.  Smaller  rigid 
items,  such  as  electronic  black  box  assemblies, 
were  simulated  in  mass  and  center  of  gravity. 

The  thermal  environmental  control  system 
in  the  forward  skirt  specimen  was  functionally 
operated  and  monitored  during  testing  to  study 
system  dynamic  behavior.  This  system 


incoi  x>rates  the  electronic  mounting  panels  as 
heat  exchangers  supplied  by  a  fluid  circulating 
manifold  system. 


TEST  FKTURES  AND  SETUP 

The  excellent  test  fixtures  made  a  major 
contribution  to  the  full  accomplishment  of  this 
program.  Special  control  methods  are  de¬ 
scribed;  but  it  is  emphasized  that  without  ade¬ 
quate  fixtures,  even  the  most  elaborate  elec¬ 
tronic  control  systems  would  probably  be 
inadequate.  For  the  design  of  the  drive  adapter 
fixtures,  optimization  formulas  [l]  were  used 
to  size  fixture  members  after  basic  layout  pro¬ 
cedures  were  established 

After  completion  of  layout  and  sizing, 
overall  ring  fixture  modes  were  analytically 
determined  using  a  digital  computer  adaptation 
of  the  Rayleigh- Ritz  method;  the  frequency 
characteristics  were  found  to  be  satisfactory. 
Fixtures  are  shown  in  Figs.  3,  4,  and  5.  The 
computer  analysis  gave  quite  different  results 
from  simple  hand  calculations  because  of  large 
differences  between  the  static  and  dynamte  load 
distribution.  The  results  of  the  computer  anal¬ 
ysis  were  in  good  agreement  with  the  test  results. 

The  combining  of  fixtures,  shakers,  and 
static  stands  into  the  overall  test  setup  was 
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Fig.  Z.  High  force  specimens  as 
related  to  the  S-1VB  stage 


closely  coordinated  with  the  test  vendor.  Fig¬ 
ures  6  and  7  show  typical  test  setups.  Because 
of  an  unusually  detailed  bid  request  and  bid 
package,  the  contract  scope  was  easily  identi¬ 
fied  and  the  test  setup  design  kept  within  this 
scope. 


TEST  CRITERIA 

The  opportunity  to  use  the  natural  response 
o. i  the  large  amount  of  available  structure  to 
achieve  the  test  objectives  was  recognized  early 
in  the  program,  and  special  criteria  methods 
were  derived  to  allow  such  use.  Control  of  the 
exciter  systems  was  maintained  at  accelerome¬ 
ters  located  near  the  fixture-specimen  interface 
(Fig.  3).  Primary  interest,  however,  was  placed 
in  internal  specimen  response  at  critical  vehi¬ 
cle  structural  hard  points.  En  'elopes  of  peak 
responses  at  these  points  were  iesignated  as 
"red-line  parameters,"  and  the  ontrol  ievels 


specified  at  the  control  accelerometer  locations 
were  ar.  estimate  of  the  input  required  to  induce 
the  critical  internal  peak  responses  to  reach,  or 
approach,  red- line  parameter  levels. 

All  full-level  testing  was  preceded  by  half¬ 
level  surveys  to  ascertain  control  level  ade¬ 
quacy.  If  these  ievels  proved  unacceptable,  they 
were  adjusted  and  new  levels  tried.  In  most 
cases  the  original  control  levels  were  adequate 
to  produce  rtd-line  parameter  responses.  Fig¬ 
ures  8  and  9  show  typical  ievels.  The  red-line 
parameters  were  based  on  a  composite  of  known 
and  expected  static  and  flight  vibration  envi¬ 
ronments. 


TEST  CONTROL 

Normal  exciter  control  systems  were  used. 
Figures  10  and  II  show  the  control  system  biock 
diagrams.  The  most  unusual  innovation  was  the 
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Fig.  4. 


ypica  -tcral  drive  adapter  fixture 
boattai!  adapter  shown 


Fig.  9.  Sinusoidal  levels  —  .'orward  skirt,  lateral 


inclusion  of  iime-muitipiex-type  random  aver¬ 
aging.  This  averaging  proved  entirely  adequate. 

Even  with  averaging,  random  control  on 
eariy  .est  runs  was  unsatisfactory.  The  dis¬ 
crepancy  seemed  to  be  the  type  associated  with 
subharmonic  generation  of  high-frequency 
energy  induced  because  of  the  great  dynamic 
range  of  automatic  equalizer  servo  loops. 

Since  the  test  range  was  20  to  300  Hz  and 
equalizer  range  20  to  2000  Hz,  it  was  hoped 
that  the  servos  from  300  to  2000  Hz,  even 
though  on  the  zero  setting,  were  generating  the 
unwanted  energy.  Resetting  these  channels  to 
the  manual  mode  did,  in  fact,  solve  the  prob¬ 
lem,  and  no  further  random  control  difficulty 
was  experienced.  It  has  been  found  to  be  almost 
always  true  that,  unless  some  looseness  exists, 
automatic  equalization  difficulties  can  be  solved 
by  finding  the  appropriate  channels  to  put  into 
the  manual  mode. 


Sinusoidal  phase  control  difficulty  was  ex¬ 
perienced  at  low  frequency.  It  was  determined 
that  control  acceleration  levels  were  too  low  to 
Induce  sufficient  accelerometer  voltage  to  drive 
properly  the  phase  control  system  incorporated 
into  the  servo  oscillator.  Instead,  the  system 
tended  to  "wander,’’  causing  out-of-phaseness. 
The  phase  system  was  disabled  over  the  fre¬ 
quency  range  of  difficulty  (5  to  25  Hz),  and  the 
Intrinsic  fixture  stiffness  in  this  range  was 
relied  upon  for  phase  maintenance.  Above  25 
Hz,  signal  strength  was  sufficient  for  elec¬ 
tronic  control. 


TEST  DATA  SYSTEM 

Up  to  120  channels  of  FM  data  were  stored 
ou  a  single  tape  for  each  test,  eliminating  the 
time  correlation  problem,  and  minimizing  the 
time  establishment  and  tape  library  problems. 
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Fig.  10.  Random  control  ayatem 


Fig.  tl.  Sinusoidal  control  system 


To  simplify  channel  Identification,  a  separate 
document  —  which  was  a  channel-by-channel 
cross  reference  of  Douglas  instrumentation 
drawing  location  and  function  designations, 
Thiokol  location  numbers,  and  Thiokcl  tape 
matrix  locations  —  was  prepared  for  each 
test  setup. 

The  tape  matrix  refers  to  the  system  used 
to  designate  a  single  tape  data  channel  by  tape 
track  and  carrier  frequency.  The  tapes  con¬ 
tained  12  data  tracks,  each  of  which  was  fre¬ 
quency  multiplexed  into  12  constant-bandwidth 
channels  associated  with  16-kHz  separated 
carriers  between  32-  and  208-kHz  center  fre¬ 
quency.  The  same  predetermined  data  channel 
was  recorded  on  the  32-kHz  carrier  of  ail 
tracks  to  facilitate  reduction  of  transmlsslbility 
data.  For  a  single  sinusoidal  test,  transmis- 
sibility  data  consisted  largely  of  plots  referenced 
to  the  common  data  channel-  Any  channel  on  any 
track  could,  however,  be  referenced  to  any  other 
channel  on  any  other  track.  Data  reduction  out¬ 
put  was  g’«  v«  frequency,  amplitude  and  phase 
transmlsslbility  for  sinusoidal  tests,  and  power 
spectral  density  for  random  tests.  Figures  12, 
13,  and  14  show  the  data  reduction  system  block 
diagrams. 


TEST  RESULTS 

The  particular  structures  tested  proved  to 
have  no  basis  low-frequency  problems.  The 
low-frequency  response  characteristics  were  of 
significance  in  attaining  a  better  understanding 
of  equipment  dynamic  behavior.  Many  equip¬ 
ment  items  are  mounted  to  produce  mounting- 
equipment  spring-  mass  frequencies  of  35  to  60 
Hz.  Qualification  testing  of  these  Items  verified 
the  design  mounting  frequencies  in  most  cases. 
At  these  frequencies,  large- amplitude  equipment 


responses  occurred  while  the  specified  struc¬ 
tural  input  amplitude  was  maintained.  During 
the  high-force  tests,  these  frequencies  were 
generally  characterized  by  a  lowering  of  input, 
resulting  in  a  much  lower  response  than  seen 
during  qualification  testing. 

The  latter  type  of  dynamic  behavior  is 
characterin'  .  of  shell  structure  mounted 
equipment  excited  by  either  a  force  field  uni¬ 
formly  distributed  by  a  rigid  fixture  as  in  a 
high-force  test,  or  an  acoustic  Held  as  in  space 
flight  boost.  In  either  case,  high  local  forces, 
as  required  to  sustain  large-amplitude  re¬ 
sponses  of  the  equipment  masses,  are  not  avail¬ 
able.  The  possibility  of  exciting  modes  involv¬ 
ing  large  amplitudes  of  both  the  local  structure 
and  equipment  masses  does,  however,  exist. 
Since  such  modes  Involve  large  accelerations 
of  both  structure  and  equipment,  they  are  not 
charactei  ized  by  high-ampliflcatton  factors. 

The  actual  amplification  factors  associated  with 
relatively  high  test  responses  were  limited  to  a 
magnitude  of  2. 
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SIMPLIFIED  METHOD  OF  CONDUCTING  A  DUAL  RANDOM- 
VIBRATION  INTEGRATED  SYSTEM  TEST 

Jamci  C.  Colt 

Radio  Corporation  of  America 
Burlington,  Massachusetts 


Frequently  a  subsystem  is  not  vibration  tested  as  a  complete  subsystem  because  it  is 
composed  of  assemblies  that  are  mounted,  for  example,  at  various  locations  on  a  vehi¬ 
cle,  making  it  necessary  to  generate  different  vibration  inputs  to  test  these  subsystem 
components. 

A  simple  subsystem  of  intciest  is  a  radar  system  in  which  an  antenna  assembly  is  mounted 
externally  on  the  vehicle  and  an  electronics  assembly  is  mounted  inside.  Ordinarily  an  - 
assembly  of  this  nature  is  vibration  tested  at  the  assembly  level  and  integrated  for  elec¬ 
trical  performance  test  only  after  the  dynamic  tests. 

A  more  realistic  vibration  test  method  is  to  conduct  an  integrated  random- vibration  / 
electrical -performance  tect.  One  way  is  to  conduct,  simultaneously,  a  random-vibration 
test  on  the  antenna  assembly  to  its  expected  random  spectrum  and  a  random-vibration 
test  on  the  electronics  assembly  to  its  expected  random  spectrum. 

This  test  can  be  accomplished  easily  with  two  vibration  exciters  and  two  random-vibration 
consoles.  However,  the  problem  is  that  many  laboratories  may  have  more  than  one  vibra¬ 
tion  exciter  but  usually  only  one  random-vibration  console.  The  RCA  Aerospace  Systems 
Division  ran  the  test  successfully  using  two  vibration  exciters,  one  random  c  insole,  and 
one  magnetic  tape  recorder,  with  a  prerecorded  spectrum  signal  on  tape  replacing  the 
second  random  console. 


INTRODUCTION 

There  are  three  basic  assemblies  In  a  ren¬ 
dezvous  radar  system:  an  antenna  assembly,  a 
rendezvous  radar  electronic  assembly,  and  a 
transponder  electronic  assembly.  Selected  en¬ 
vironmental  tests  were  conducted  individually 
on  each  assembly,  with  specific  inputs  applied 
according  to  the  required  assembly  specifica¬ 
tion.  During  the  environmental  testing,  each 
assembly  was  electrically  and/or  mechanically 
operated  while  undergoing  the  environmental 
exposure.  Operationally,  only  during  the  elec¬ 
trical  baseline  tests  are  the  three  assemblies 
integrated  and  operated  as  one  complete  system. 
Alter  the  initial  electrical  baseline  test  is  com¬ 
pleted  successfully,  separation  of  the  system 
takes  place  with  each  assembly  thereafter  en¬ 
vironmentally  tested  with  its  respective  check¬ 
out  test  unit.  This  procedure  is  followed 
throughout  the  entire  qualification  environmen¬ 
tal  test  progiam  until  a  final- system  electrical 
performance  test  is  completed. 

Following  the  qualification  test  program, 
an  electrical  performance  demonstration  of  the 


integrated  rendezvous  radar  antenna  assembly 
and  the  rendezvous  radar  electronics  assembly 
under  simulated  vibration  conditions  was  re¬ 
quired.  Therefore,  to  demonstrate  the  per¬ 
formance  of  the  rendezvous  radar  antenna  and 
electronics  assemblies  during  vibration,  the 
assemblies  were  integrated  electrically.  Me¬ 
chanically,  the  electronics  and  the  antenna  were 
mounted  on  separate  shake  tables.  With  only 
one  random  control  console  available,  the  prob¬ 
lem  was  to  vibrate  both  assemblies  simultane¬ 
ously  utilizing  separate  shaped  random  inputs. 

A  description  of  the  facilities  and  procedure 
used  to  solve  this  problem  is  given  below. 


TEST  FACILITY 

The  dual  vibration  testing  of  the  electronics 
and  antenna  was  performed  at  the  RCA  Aero¬ 
space  Systems  Division  plant.  Environmental 
Laboratory,  Burlington,  Massachusetts.  Two 
separate  vibration  systems  were  used:  one  to 
vibrate  the  antenna  assembly  at  one  random 
spectr.  n  and  the  other  to  vibrate  the  electronics 
assembly  at  another  random  sp  drum.  Random 
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vibration  of  the  antenna  was  accomplished  using 
an  MB  C12G  vibration  exciter,  MB  T389  equal¬ 
izer  system,  MB  T130MC  sine/random  control 
console,  and  an  MB  4200  power  amplifier.  This 
system  is  rated  at  9000  lb  peak  sine  force  and 
6500  lb  rms  force.  It  is  completely  automatic, 
incorporating  80  contiguous  filters  for  equaliza¬ 
tion  in  random-vibration  testing.  Random  vi¬ 
bration  on  the  radar  electronics  was  performed 
using  the  smaller  vibration  system  comprising 
a  Calidyne  A174  vibration  exciter,  a  CEC-type 
VR2800  tape  recorder,  and  a  Westinghouse 
FG-11  power  amplifier.  This  system  is  rated 
at  1500  ib  peak  sine  force  and  1050  lb  rras 
force. 

The  method  employed  to  obtain  a  second 
random  signal  source  (tape  recorder)  to  drive 
a  shaker  system  lacking  an  equalization  system 
is  explained  best  by  briefly  describing  the  func¬ 
tion  and  characteristics  of  the  equalization  sys¬ 
tem  and  the  recording  instrumentation.  Auto¬ 
matic  equalization  is  accomplished  utilizing  a 
multiband  random  equalizer  where  the  frequency 
spectrum  is  divided  into  80  narrow  bands  of 
12.5,  25,  and  50  Hz.  Attenuators  are  provided 
in  each  band,  and  the  outputs  of  all  bands  are 
summed  up. 

Many  contiguous  narrow- bandpass  filters 
are  Incorporated  into  this  system  where  control 
of  each  increment  of  the  spectrum  is  available. 
The  controlled  shaped  spectrum  is  then  ampli¬ 
fied  and  introduced  to  the  input  of  the  power 
amplifier.  This  input  to  the  power  amplifier  Is 
recorded  on  tape  (see  Fig.  1);  the  tape  recorder 
is  later  used  as  the  second  random  signal 
source.  Prior  to  the  tape  recording  process, 
a  check  of  the  desired  spectrum  shape  was  made 
through  the  use  of  the  parallel  filter  analyzer 
also  Incorporated  into  the  equalizer  system. 

This  analyzer  employs  a  series  of  parallel  fil¬ 
ters.  Each  filter  samples  a  portion  of  the  spec¬ 
trum  and  the  dc  output  of  each  filter  Is  com¬ 
mutated  and  plotted  on  an  x-y  recorder.  A 
graphical  presentation  of  the  required  spectrum 
then  becomes  readily  available  prior  to  the  re¬ 
cording  process. 


PRERECORDING  THE  SPECTRUM 
INPUT  ON  MAGNETIC  TAPE 

One  of  the  most  important  factors  for  pre¬ 
recording  the  proper  spectrum  input  on  mag¬ 
netic  tape  was  use  of  the  best  representative 
mechanical  model  of  the  electronics  assembly. 
Fortunately,  a  similar  model  of  the  radar  elec¬ 
tronics  in  this  checkout  procedure  could  be 
used  to  obtain  the  required  shape  of  the  input 
spectrum  later  to  be  applied  to  the  actual  test 
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Fig.  1.  Block  diagram  of 
equalization  and  recording 
system 


Item  (electronic  assembly)  of  the  dual  Integrated 
test.  The  electronics  and  vibration  fixture  com¬ 
bination  mounted  in  the  most  sensitive  axis  were 
secured  to  the  small  shaker  armature  with  a 
driver,  as  shown  in  Fig.  2.  Accelerometers 
were  mounted  at  preselected  points  to  control 
and  monitor  the  input  spectrum.  Signal  condi¬ 
tioning  equipment  In  the  form  of  charge  ampli¬ 
fiers  w;ts  used  to  obtain  high  signal  levels  and 
to  obtain  the  optimum  in  signal- to- noise  ratio. 
Voltage  outputs  from  the  charge  amplifiers  and 
the  multiband  equalizer  were  fed  to  a  multichan¬ 
nel  CEC-type  VR2800  tape  recorder.  A  specfied 
random- vibration  input  spectrum  (Fig.  3)  was 
applied  to  the  electronics  mounting  flange  using 
the  random  console. 


Fig.  2.  Electronics  vibration 
test  arrangement 


A  playback  of  the  input  spectrum  via  the 
control  accelerometer  and  charge  amplifier 
through  the  console  analyzer  verified  the  input 
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Fig.  3.  Electronics  random-  Fig.  5.  Shaped  spectrum  utilizing 

vibration  input  spectrum  tape  recorder  to  drive  shaker 


spectrum  shape,  as  shown  in  Fig.  4.  The  input 
to  power  amplifier  (compensated  by  the  equal¬ 
izer)  was  recorded  on  tape.  The  tape  recorder 
was  then  used  as  the  second  random  driving 
source.  A  playback  of  the  control  accelerom¬ 
eter  through  the  console  analyzer  verified  the 
input  spectrum  shape  obtained  previously  with 
the  random  console  (Fig.  5).  About  20  min  of 
this  recording  was  made  for  later  testing.  The 
tape  recorder,  in  this  case,  replaced  an  entire 
equalization  system.  It  provided  the  second 
driving  source  and  a  means  to  go  ahead  with 
vibration  testing  the  electrically  integrated  as¬ 
semblies  simultaneously. 

VIBRATION  TESTING  THE 
INTEGRATED  SYSTEM 

Testing  the  integrated  system  progressed 
with  minimum  problems  once  the  second  ran- 
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Fig.  4.  Shaped  spectrum  utilizing 
vibration  console  to  drive  shaker 


dom  driving  source  was  obtained  on  magnetic 
tape.  The  antenna  and  the  electronics  were 
electrically  and  mechanically  set  up,  as  shown 
in  Fig.  6.  The  antenna  was  attached  to  the 
larger  shaker  in  its  most  sensitive  vibration 
direction,  as  shown  in  Fig.  7.  All  assemblies 
were  electrically  operated,  and  dual  random- 
vibration  testing  was  conducted  on  the  antenna 
electronic  assemblies.  Functionally,  the  inte¬ 
grated  system  worked  well  during  the  random- 
vibration  exposure. 


d sn  TEA 


Fig.  6.  Integrated  mechanical 
electrical  test  arrangement 
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Fig.  7.  Antenna  vibration  teat  arrangement 


CONCLUSION 

Tape  recordings  of  vibration  levels  in¬ 
duced  by  missile  firings  and  the  like  are  noth¬ 
ing  new  in  the  vibration  field.  What  has  been 
described  above  is  one  method  that  can  be  em¬ 
ployed  by  the  numerous  environmental  test  lab 
oratories  in  ihe  country.  In  recent  years, 
automatic  equalization  became  the  optimum 
method  for  vibration  testing  as  compared  to 
the  time-consuming,  peak-notch  sine  method 
of  equalization.  Once  the  automatic  equaliza¬ 
tion  is  programmed  and  a  very  representative 
mechanical  test  specimen  is  used,  it  is  neces¬ 
sary  only  to  tape  the  voltage  output  from  the 
automatic  equalizer,  thereby  utilizing  the  tape 
as  a  control  console. 

« 
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CONTROL  STABILIZATION  FOR 
MULTIPLE  SHAKER  TESTS* 


Norman  F.  Hunter,  Jr. 
Sandia  Corporation 
Albuquerque,  New  Mexico 

and 

James  G.  Helmuth 
Chadwick-Helmuth  Company,  Inc. 
Monrovia,  California 


Large  test  specimens  often  require  multiple  shaker  excita¬ 
tion  for  realistic  simulation  of  field  vibration  levels.  At 
some  frequencies  ,  energy  crossfeed  between  shakers 
causes  control  problems.  Until  recently  no  methods  ex¬ 
isted  for  controlling  multiple  shaker  tests  at  frequencies 
where  the  specimen  exhibited  cross-coupling  factors  (CCF) 
in  excess  of  about  unity.  A  method  for  controlling  ar.y 
number  of  shakers  with  CCF  '•  1  is  described. 


INTRODUCTION 


EQUATIONS  FOR  CROSS-COUPLING 


When  more  than  one  vibration  exciter  ap¬ 
plies  energy  to  a  test  specimen  and  it  is  desired 
to  control  this  vibration  input  at  each  point  of 
application  (to  conform  with  the  expected  final 
environment  or  a  standard  test  procedure),  a 
major  difficulty  will  usually  be  encountered:  at 
one  or  more  frequencies  the  specimen  will  tend 
to  vibrate  in  its  natural  mode  shape  in  contra¬ 
diction  to  the  desired  test  levels  and  phase. 
Trouble  will  occur  whenever  the  coupled  vibra¬ 
tion  from  one  driven  point  to  another  exceeds 
the  level  desired  at  the  second  point,  because 
"cause"  a:;d  "effect"  are  no  longer  separate 
and  contained  within  each  shaker-servocontrol 
loop. 


Consider  the  case  of  two  exciters.  When 
the  cross-coupling  factor  (CCF)  exceeds  unity, 
switching  the  feedback  vibration  pickups  (pickup 
"A"  controls  shaker  B;  "B"  controls  A)  restores 
cause  and  effect  and  the  system  controls  [1], 

For  more  than  two  shakers,  it  is  conceivable 
that  causes  and  effects  could  be  located  and  the 
pickups  appropriately  switched,  but  the  practi¬ 
cal  difficuitie  s  become  enormous.  The  ap¬ 
proach  taken  here  is  to  reduce  effectively  all 
CCF  to  less  than  unity. 


A  block  diagram  of  a  two-channel  system 
with  cross-coupling  appears  in  Fig.  1.  Here 
V,  and  Vj  are  the  responses  at  drive  points  1 
and  2,  respectively.  Cross-coupling  occurs 
through  the  terms  and  a]t .  Note  that  the 
notation  is:  first  subscript  refers  to  effect, 
second  subscript  refers  to  cause.  The  steady- 
state  equations 


(la) 

l.V, 

(lb) 

describe  the  system.  Cross-coupling  factor 
may  be  defined  as: 


P<‘sponxf 

at  pos nt  2  1 

Response 

at  point  l|,|r,v 

r  2  s  hi»  t  t!o«n 

or 


(2) 


Substituting  Eq.  (2)  into  Eq.  (lb),  it  is  apparent 
that  CCF,,  Many  cases  of  cross-coupling 

may  occur,  and  the  vector  diagrams  of  Figs.  2 
and  3  illustrate  typical  situations.  Solving 
Eqs.  (la)  and  (lb)  for  v,  and  \  1  yields 


Tins  work  was  supported  by  the  United  States  Atomic  Energy  Commission. 
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Fig.  1.  Two-channel 
system  with  cross¬ 
coupling 


Fig.  2.  Typical  cross-coupling  situations 


(b!  SELF  VECTOR  MAGNITUDE  INCREASED 


(c)  SELF  VECTOR  AT  SO*  TO  DESIRED  VIBRATION 

Fig.  3.  Unstable  cross-coupling  situation 


v  a  1 1  i  *  aua2iei 
1  1 ~  a . t 

and 

a, j  f j  *  Sj,  a, , e, 


The  dependence  of  v,  on  both  e,  and  e2  illus¬ 
trates  the  cross-coupling  problem. 


SFRVO  CONTROL  PROBLEM 

Three  situations  may  create  servo  insta¬ 
bilities.  The  logic  of  the  servo  control  at  each 
shaker  demands  "sense"  for  amplitude  and 
phase  of  produced  vibration.  Thus,  an  increase 
in  o  must  result  In  an  increase  in  V;  an  in¬ 
crease  in  phase  angle  of  <•  must  result  in  an 
increase  in  phase  angle  of  V.  Consider  the 
situation  in  Fig.  3a.  If  the  cross -coupling 
vector  a ,  jVj  is  shorter  than  the  indicated  vec¬ 
tor  A,  an  increase  in  <-,  will  result  in  an  in¬ 
crease  in  v,.  For  a ,  2  longer  than  A,  how¬ 
ever,  a , , r ,  points  in  the  opposite  direction  to 


V,,  and  an  increase  in  e,  results  in  a  decrease 
in  V, .  This  is  an  example  of  magnitude  sense 
reversal. 

As  we  enter  the  region  of  cross-coupling, 
the  vector  aup,  may  become  longer  but  retain 
the  correct  direction,  as  in  Fig.  3b.  Correct 
sense  is  retained,  but  a  slight  angular  change 
in  e,  results  in  a  large  change  in  the  angle  of 
V,.  The  phase -servo- loop  gain  has  been  in¬ 
creased  effectively,  and  the  system,  if  previ¬ 
ously  optimized  in  gain  for  normal  conditions, 
will  now  become  unstable. 

A  third  case  occurs  when  the  cross- 
coupling  factor  tends  to  be  at  90  deg  to  the  de¬ 
sired  vibration  (Fig,  3c).  The  difficulty  now  is 
that  the  effect  of  the  amplitude  and  phase  servos 
has  been  reversed.  A  change  in  phase  angle  of 
o  will  result  in  a  change  in  amplitude  of  v, , 
whereas  a  change  in  magnitude  of  A  results  in 
a  change  in  angle  V.  Control  is  again  lost. 

The  net  effect  of  these  instabilities  limits 
control  tc  the  region  where  the  absolute  value 
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Fig.  4.  Vector  diagram 
for  system  control  loss 


of  the  cross-coupling  vector  is  less  than  unity 
(Fig.  4). 


CROSS-COUPLING  REMOVAL 

If  the  electrical  drive  signal  e  at  each 
shaker  is  crossfed  via  transfer  function  «.  to 
every  other  shaker,  the  following  equations 
result  (for  a  two-channel  system  (Fig.  5)): 

vi  ‘Vn  *  auvj  (3 


where 


V2  <'1*12  4  a/lV.  • 


c\  e ,  4  k12e2 


*1  el  *  k2lel 


Fig.  5,  Two-channel  sys¬ 
tem  with  drive  crossfeed 


Substituting  Eqs.  (4a)  and  (4b)  into  Eqs.  (3a) 
and  (3b)  and  solving  for  v,  and  \ 2  gives: 

|(n  I  I  *  3  1  2a2  2k  1 1  ^  2*  3  I  2'1  2  2  '  a  I  lk  1  2  ' 


e|(alla2l’a2  2k2|)  *  l*  2  f  3  2  2  *  3  I  1 3  2  I k  I  2  ^ 


Now  let 


vi  eian 


'  2  e2  a  2  2 


From  the  standpoint  of  c  j  and  <•  j .  the  cross¬ 
coupling  has  not  changed,  but  for  a  linear  sys¬ 
tem  (a  not  affected  by  V),  e,  alone  determines 
v,,  and  r}  alone  determines  v};  the  necessary 
cause -and-effect  relationship  has  been  re¬ 
stored.  This  method  is  expandable  to  an  N  chan¬ 
nel  system: 


V,  P  |  a  |  ■  *  aj2  V2  4  au  vi 


3  IN  VN  • 


V  2  3  2  1  V I  *  a22C  2  *  3  2  3  V  3  4  ’  *  a2NV*  (5) 


VN  aN  I  V 1  *  aN!V2  *  *  aNN,-N  ’ 


‘‘i  C,  ♦  k ,  2  «>2  ‘  k.j<'j 


C2  k21  el  4  e2  *  k23P3  4  *  k2NPN 


°N  kN  1  P  1  ‘  kN  2  c  2  *  kN  3  r  3  4  ‘  ‘  ‘  PN 

To  remove  the  cross-coupling  vectors,  write 


'NM  aNN 


’I  '  1  ■'  l  1 


VN  PN  aNN 


/ 


PRACTICAL  CONSIDERATIONS 

In  practice,  it  would  be  very  difficult  to 
generate  electrical  transfer  functions  kNM  that 
satisfy  Eq.  (7),  especially  if  sweep  operation  is 
desired.  However,  the  foiiowing  factors  relieve 
this  situation: 


frequencies,  each  shaker  is  individually  driven 
(with  servo  level  control  operating),  and  re¬ 
sponses  at  aii  other  points  are  reduced  to  less 
than  unity  by  "knob  twiriing"  the  involved  k 's. 
These  settings  are  retained  and,  with  a  master 
gain  control,  used  later  when  test  frequency 
sweeps  through  the  trouble  regions. 


1.  Cross-coupling  must  be  reduced  to  iess 
than  unity,  but  does  not  have  to  be  totally  elimi¬ 
nated;  thus: 


;  '  -nn  a"“ 


(9) 


2.  For  some  tests,  the  self-terms  (a^  and 
am)  tend  to  be  equai  (similar  exciters,  sym¬ 
metrical  loads): 


and  therefore 

kNU  1  aNU 


(10) 


(ID 


RESULTS  OF  ANALOG  STUDY 

Using  the  electrical  "mobility”  analog  of  a 
mechanical  system,  most  muitipie- shaker  con¬ 
trol  problems  may  be  simulated.  Both  beam 
and  spring-mass  analogs  have  been  run.  The 
anaiog  circuit  of  Fig.  6  is  particularly  interest¬ 
ing  where  two  shakers  drive  a  5-mass, 
10-spring  system.  This  system  is  reciprocal, 
i.e.,  a , }  =  a 2 1 ,  though  not  symmetrical 
(au  i  a. j).  The  transfer  functions  a12.  a,,, 
and  a }  j  are  shown  in  Figs.  7,  8,  and  9.  These 
polar  plots  show  magnitude  and  phase  of  a 
vector  quantity  vs  frequency.  As  wouid  be  ex¬ 
pected,  control  is  iost  between  150  and  215  cps 
and  between  853  and  887  cps,  since  these  limits 
correspond  approximately  to  those  areas  out¬ 
side  the  unit  circle  in  Fig.  7. 


3.  For  other  tests  in  which  the  ioad  is 
resonant  but  not  symmetrical,  as  increases 
(e.g.,  node  at  M,  antinode  at  N)  and  de¬ 
creases,  increases.  Then,  in  Eq.  (9),  kNM 
does  not  increase  as  fast  as  thus: 

lkmi  <  I  •»«,!  (12) 

4.  Usually  the  most  difficult  control  situa¬ 
tions  are  high  Q  resonances  when  the  structure 
seeks  to  vibrate  in  a  "normal  mode"  state.  At 
these  frequencies,  the  cross-coupiing  terms 
tend  to  be  either  in  phase  or  180  deg  out  of 
phase.  Then  under  condition  2,  k  is  required 
to  be  simply  a  reai  transfer  function  and  is 
much  more  easily  generated  than  a  complex 
function. 

The  determination  of  u  can  be  simply  done 
by  a  preliminary  low-ievel  test.  At  "trouble" 


The  system  used  for  analog  control  is  a 
two-channei  Chadwick-Helmuth  "A”  system 
using  B  ft  K  oscillator  servos.  When  entering 
a  region  of  instability  during  a  frequency  sweep, 
the  phase  and  amplitude  servos  wiii  begin  to 
hunt.  This  hunting  effect  increases  untli  control 
ioss  is  complete.  Usually  one  amplitude  servo 
will  shut  off  while  the  other  remains  active, 
although  the  case  of  both  servos  going  to  fuii 
drive  may  also  be  observed. 

To  stabilize  control,  the  bias  system  of 
Fig.  5  is  used.  The  functions  kI2  and  kn  are 
adjusted  to  reduce  the  magnitude  of  a ,  2Vj  and 
a }IV,  according  to  Eq.  (7),  and  the  control  sta¬ 
bilizes.  A  master  gain  control  sets  the  mag¬ 
nitude  of  k , 2  and  k  2 ,  through  each  region  of 
interaction.  For  this  system  oniy  one  bias  is 
needed  for  each  major  region  outside  the  unit 
circle,  so  a  test  with  stabie  control  from  20  to 
2000  cps  may  be  run  simply. 


30 


Fig.  6.  Analog  circuit  for  multiple-shaker 
control  system 


158 


«70 


Fig.  7.  a,j  vs  frequency  for 
analog  circuit  (  au  =  aj,) 
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Fig.  9.  ajj  vs  frequency 
for  analog  circuit 


2.  If  bias  must  be  adjusted  dum.g  a  run, 
the  sweep  should  be  slowed  and  a  hit-or-miss 
method  of  adjusting  bias  tried. 

3.  Approaches  (1)  and  (2)  could  probably 
be  automated,  but  for  more  than  a  two-channel 
system,  the  second  approach  appears  quite 
impractical. 

4.  Generally  the  CCF  must  be  less  than 
unity  for  stable  control  without  bias,  as  indi¬ 
cated  in  Fig.  10. 

5.  For  a  nonbilateral  system  (n13  t  njl), 
a  CCF  as  great  as  2  without  bias  may  some¬ 
times  be  tolerated. 


TEST  RESULTS 

To  verify  the  mathematical  and  analog 
system  results,  a  test  was  run  at  MTS  Systems 
Corporation  on  a  700-lb  beam  using  two  hydrau¬ 
lic  shakers.  To  assure  a  large  cross-coupling 
factor,  the  pickups  were  mounted  away  from 
the  shaker  heads,  as  shown  in  Figs.  11  and  12. 
Total  system  weight  was  1255  lb.  Shakers  1 


Fig.  8.  a,,  vs  frequency 

for  analog  circuit 


From  the  spring-mass  system  results,  and 
from  a  similar  study  including  an  electrical 
beam  analog,  certain  observations  regarding 
the  application  of  bias  may  be  made: 

1.  The  easiest  way  to  adjust  bias  is  to  run 
one  driver  at  a  time  and  cancel  the  interaction. 
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Fig.  li.  Test  setup  for  multiple  control 


and  2  were  rated  at  8000  and  6000  lb,  respec¬ 
tively,  and  drive  points  are  indicated  in  Fig.  11. 
Separate  servo  controls  actuate  each  shaker; 
the  servo  controls  are  driven  by  a  Chadwick- 
Helmuth  amplitude  and  phase  control  system 
using  Spectral  Dynamics  oscillators  and  am¬ 
plitude  servos  (Fig.  12).  The  cross-coupling 
compensator  system  crossfeeds  the  drive  volt¬ 
ages  as  indicated  earlier.  A  front  panel  view 
of  these  controls  (Fig.  13)  shows  that  bias  may 
be  added  to  each  channel  individually  and  all 


bias  signals  broug.it  up  together  with  a  master 
gain  control. 

Each  shaker  was  driven  individually  using 
displacement  control,  and  the  transfer  function 
a i  j  and  a j,  of  Table  1  was  recorded.  Unlike 
the  analog  tested,  this  system  is  not  reciprocal 
(au  ?  a 2, ).  Very  large  cross-coupling  factors 
(80  at  1S.3  cps)  occur  at  the  beam  first  mode. 

Using  the  cross -coupling  compensator 
(Fig.  13),  bias  was  added  to  the  undriven  head 


TABLE  1 

Interpickup  Transfer  Functions 


Frequency 

(cps) 

Pickup  A 
Displacement 
(in.)* 

Pickup  B 
Displacement 
(in.)b 

CCFc 

Driving  Head  1 

5.0 

0.05 

0.05  at  180 

1.00  at  180° 

10.5 

0.05 

0.10  at  180 

2.00  at  180" 

14.5 

0.05 

0.20  at  180 c 

4.00  at  180° 

15.5 

0.05 

0.40  at  180 

8.00  at  180 

15.9 

0.05 

0.80  at  180 

16.00  at  180 

16.3 

0.05 

4.00  at  90 

80.00  at  180 c 

16.5 

0.05 

1.20  at  30 

24.00  at  180" 

17.2 

0.05 

0.35  at  10 

7.00  at  10 

19.8 

0.05 

0.095  at  0° 

1.90  at  0 

32.5 

0.05 

0.15  at  0 

0.30  at  0 

Driving  Head  2 

5.0 

0.015 

0.05 

0.30  at  0" 

12.2 

0.005 

0.05 

0.10  at  90 

14.0 

0.010 

0.05 

0.20  at  160 

16.5 

0.050 

0.05 

1.00  at  150 

19.2 

0.080 

0.05 

1.60  at  90 

29.2 

0.120 

0.05 

2.40  at  30° 

38.0 

0.100 

0.05 

2.00  at  0° 

aAt  0-deg  aigle  for  driving  head  1. 
bAt  0-deg  angle  for  driving  head  Z. 

°  J'  j  i  for  driving  head  1;  for  driving  head  1. 
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Fig.  12.  Beam  and  multiple -shaker  control  system 


until  the  CCF  was  reduced  lo  less  than  unity. 
This  bias  addition  was  not  as  difficult  as  ex¬ 
pected,  and  in  fact  addition  at  0  deg  and  180  deg 
sufficed  at  most  frequencies.  Absolute  value  of 
the  biases,  K  ,  did  not  exceed  5,  even  wnen  the 
CCF  a  80,  due  to  item  (3)  in  Practical  Consid¬ 
erations.  One  set  of  bias  values  was  found 
which  would  allow  control  from  5  cps  to  above 
20  cps,  and  a  second  set  for  control  in  the 
neighborhood  of  30  cps. 

After  several  test  runs,  the  mechanical  im¬ 
pedance  of  shaker  A  inc  reased.  This  effectively 


changed  system  restraints,  resulting  in  a  change 
in  normal  mode  frequencies  and  shape.  The 
preliminary  run  was  redone,  and  a^ain  control 
could  be  achieved  through  the  first  mode  with 
the  addition  of  one  bias  set. 

CONCLUSIONS 

This  method  of  cross-coupling  compensa¬ 
tion  works  well  with  the  two-channel  system 
tested.  The  required  adjustments  were  easily 
made,  ard  this  procedure  should  be  useful  for 
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any  general  multiple  exciter  test  where  a  pre¬ 
liminary  run  can  be  included  in  the  program. 

Expansion  to  any  number  of  channels  is  now 
possible,  but  operational  complexity  will  tend 
to  increase  as  n(n-  i).  Therefore,  hardware 
is  now  being  developed  to  determine,  store,  and 
then  provide  the  electrical  bias  signals  during 
a  test  more  easily  (automatically). 
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DISCUSSION 


Mr.  Angelopulos  (Lockheed  Missile  and 
Space  Co.):  Would  you  say  that  in  the  near 
future  your  system  would  be  adaptable  to  multi- 
shaker  control  for  random  excitation,  possibly 
by  using  any  number  of  ASDE  80's  and  a  random 
averager  ? 

Mr.  Helmuth:  In  Its  present  form  the  sys¬ 
tem  would  not.  It  is  only  for  sine  wave  testing. 
The  servo  controls  for  amplitude  and  for  phase 
and  the  whole  concept  is  based  on  sinusoidal 
motion,  so  we  are  not  working  in  that  direction, 

I  am  sorry  to  say. 

Mr.  Griffith  (Bendix  Corp.):  In  most  of  the 
tests  where  we  supposedly  have  sinusoidal  mo¬ 
tion  there  are  some  other  higher  frequencies 
imposed  on  the  sinusoid.  It  makes  a  very  hashy 


record  anyway.  Ho«  do  you  propose  to  take 
care  of  all  this  high  frequency  noise?  Does  it 
affect  you? 

Mr.  Helmuth:  No,  It  does  not  because  we 
detect  the  amplitude  of  vibration  and  the  phase 
of  vibration  using  an  analog  multiplier  tech¬ 
nique  which  is  sort  of  like  a  crosscorrelator. 
We  plug  a  pure  sine  wave  into  one  input  and 
then  the  signal  to  be  measured  into  the  other 
input,  and  only  that  part  of  it  which  is  at  shake 
frequency  produces  the  error  signal,  you  might 
say.  It  is  essentially  a  tracking  filter,  but  it 
does  not  have  the  time  delays  that  a  tracking 
filter  would  have.  I  emphasize  that  simply  be¬ 
cause  this  is  a  servo  control  system,  and  we 
have  to  watch  it  on  time  delays  for  stability 
reasons. 

*  * 
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THE  SHIM  SPRING  ISOLATOR 


Leon  Wallerstem,  Jr. 
Lord  Manufacturing  Company 
Erie.  Pennsylvania 


The  term  "shim  spring''  identifies  a  new  spring  form  which  stores  from  three  to 
nine  times  more  energy  --per  pound  or  per  cubic  inch  —  than  conventional  metallic 
springs  operating  at  the  same  stress.  It  requires  no  external  damper  and  will  op¬ 
erate  continuously  to  at  least  500*F.  Externally,  the  shim  spring  resembles  a 
metallic  block  having  the  unusual  property  that  it  will  deflect  readily  i.i  shear.  It 
is  made  of  thin,  high-strength  alloy  shims  arranged  so  that  every  element  is  in 
direct  tension  or  direct  compression,  and  it  is  this  factor  which  accounts  for  the 
spring's  high  efficiency.  Development  toward  commercial  practice  has  centered 
on  (a)  protection  ot  shim  surfaces,  which  are  in  rubbing  contact;  (b)  joints  to  trans¬ 
fer  load  efficiently  between  shims,  and  (c)  analysis  of  the  stiffness  characteristics 
and  of  the  damping  associated  with  intershim  friction.  Progress  has  been  such 
that  the  shim  spring  ..tows  excellent  performance  as  a  vibration  isolator  with  good 
fatigue  resistance,  and  a  prototype  mounting  is  now  being  tested  on  an  aircraft 
turbine.  Design  studies  for  heavy  vehicle  springing  show  large  potential  weight 
saving. 


INTRODUCTION 

The  term  "shim  spring"  identifies  a  new 
spring  form  which  is  shown  in  elementary  fash¬ 
ion  in  Fig.  1.  It  has  several  characteristics 
which  may  attract  those  interested  in  vibration 
isolators,  suspension  systems,  and  perhaps 
other  uses  of  mechanical  springs:  (a)  the  shim 
spring  has  from  three  to  nine  times  the  energy 
storage  capacity  of  conventional  metallic 
springs,  so  that  it  can  be  made  smaller  and 
lighter:  (b)  it  possesses  inherent  (and,  to  a  de¬ 
gree,  controllable)  damping  so  that,  unlike  most 
conventional  springs,  it  requires  no  external 
damper;  (c)  its  all-metal  construction  gives  it 
a  high  temperature  capability  (to  at  least  500  °F) 
not  possessed  by  elastomeric  springs  and  isola¬ 
tors,  and  (d)  it  lends  itself  to  nonlinear  designs 
when  that  is  required. 

There  are  also  substantial  problems  asso¬ 
ciated  with  the  shim  spring;  this  paper  tells 
how  (and  to  what  extent)  they  have  been  over¬ 
come.  Among  these  problems  are:  (a)  pro¬ 
tection  of  shim  surfaces,  which  are  in  rubbing 
contact;  (h)  design  and  construction  of  joints  to 
transfer  load  efficiently  from  each  shim  to  its 
neighbor,  and  (c)  methods  for  calculating  stiff¬ 
ness  and  damping  characteristics.  There  is 
also  a  problem  in  designing  for  the  unsymet- 
rical  nature  of  the  shim  spring.  It  has  high  ca¬ 
pacity  and  readily  controllable  stiffness  in  the 
2  direction  (Fig.  1),  less  capacity  and  much 


IN  USE  EXPANDED  TD  SHOW  CONSTNUCTlON 

Fig.  1.  Elementary  shim  spring 


lower  stiffness  along  y,  and  virtually  infinite 
stiffness  and  capacity  along  x.  There  is  capa¬ 
bility  for  large  angular  deflection  about  x,  and 
virtually  none  about  y  and  z.  We  shall  show 
through  two  quite  different  designs,  an  aircraft 
turbine  mounting  and  a  vehicular  spring,  how 
these  characteristics  may  be  combined  in  use¬ 
ful  ways. 

A  force  on  the  loading  plate  puts  the  first 
shim  in  tension,  the  next  in  compression  (see 
Fig.  1);  this  alternation  continues  until  the  sup¬ 
port  is  reached.  The  compression  shims  (shim 
thickness  generally  runs  from  about  0,010  to 
0.030  in.)  cannot  buckle  because  they  are  con¬ 
fined.  The  extensions  and  compressions 
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combine  to  give  large  overall  deflection,  and 
load  capacity  is  high  because  each  shim  is  In  a 
state  of  uniform  tension  or  compression,  i.e., 
there  Is  no  bending. 


SPRING  EFFICIENCY 


have  the  same  effect,  and  this  points  to  a  useful 
design  practice:  making  the  spring  from  rela¬ 
tively  few,  long  shims  rather  than  many  short 
ones.  We  thereby  reduce  the  number  of  joints 
and  also  invoke  beneficial  effects  In  terms  of 
damping,  which  Is  discussed  later. 


Comparing  the  energy  stored  by  a  linear 
spring  per  pound  of  material  at  a  given  maxi¬ 
mum  stress  is  a  reasonable  way  to  compare 
various  designs  { 1  ] .  Table  1  presents  this  com¬ 
parison  for  several  conventional  springs,  and 
shows  that  the  shim  spring  has  an  efficiency 
ranging  from  about  three  times  that  of  a  torsion 
bar  to  nine  times  that  of  a  simple  cantilever. 
The  tabular  symbols  are  defined  below,  along 
with  their  numerical  values.  The  stresses  used 
are  the  elastic  limits  for  a  high-quality  spring 
steel. 


Tensile  (or  compres¬ 
sive)  stress 

205,000  psi 

Shear  stress 

115,000  psi 

Young's  modulus 

30  x  10  s  psi 

Shear  modulus 

11.5  x10s  psi 

Density 

0.283  lb/ln.-1 

Wahl  factor 

1.2  (Typical) 

TABLE  1 
Spring  Capacities 


SPRING  STIFFNESS:  ELASTIC 
RESTRAINT  CVLY 


by 


The  longitudinal  in-plane  stifiness  is  given 


E»t 

nL 


(i) 


the  crosswise,  in-plane  stiffnesf  by 

K  EG»3t 

1  nL,.  (E*2*  CLe2) 

and  the  rotational,  in-plane  stiffness  by 
Ew3t 

T  12  nLf  • 

where 

E  =  Young's  modulus 
G  =  Shear  modulus 
»  =  Shim  width 


(2) 


(3) 


SPRING  FORM 

ENERGY  STORAGE  CAPACITY 

Exprttfion 

Typical  Valu«* 
m-ibppf  pound  weight 

s' 

18  tp 

275 

i 

275 

ii 

-iiV 

4G/>R* 

6IO 

CX-4 

s* 

6  tp 

25 

3  * 

40  p 

8  85 

11  Ij  Shi« 

-|j[|li)il  pC  Spring 

gl 

Zip 

2500 

In  practical  springs,  the  tabulated  efficien 
tics  are  reduced  by,  for  example,  the  inactive 
end  coils  in  the  case  of  a  helical  spring.  In  a 
shim  spring,  the  connections  between  shims 


t  =  Shim  thickness 

L(.  =  Effective  length  of  shim 
n  =  Number  of  shims. 

If  the  shims  were  perfectly  flat,  the  com¬ 
pression  stiffness  KN  of  the  stack  would  be  that 
of  a  solid  metal  block.  In  practice,  the  initial 
value  of  JCN  is  less  than  we  would  expect,  both 
becaur  *  the  shims  are  not  perfect,  and  because 
there  may  be  lubricating  materials  of  measur- 
able_  thickness  between  shims.  Figure  2  shows 
the  compression  load-deflection  curve  for  a 
spring  having  a  longitudinal  stiffness  of  4000 
lb/in.  The  initial  compressicr.  stiffness  is  only 
about  8000  lb/in.,  but  it  increases  to  about 
100,000  lb/in.  very  quickly.  Eecause  of  this 
rapid  stiffening  and  the  fact  that  there  is  always 
normal  load  on  the  spring,  KN  will  usually  run 
from  10  tc  100  times  the  longitudinal  stiffness  K. 

It  is  also  worth  noting  from  Fig.  3  that  kl 
cannot  exceed  about  K  because  the  relation 
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Fig.  2.  Typical  compression 
load -deflection  curve 


NO  BOCK  UNO 
FACES  ARC 
CONFINED 


I 


TENSION 


CROSSWISE  STIFFNESS 
IS  LOW  *—  ALWAYS  LESS 
THAN  ONE  THIRD  THE 

longitudinal  stiffness 


SHEAR  PLUS 
SENDING 


Fig.  3.  Qualitative  relation,  cross¬ 
wise  to  longitudinal  stiffness 


is  that  of  shear  modulus  to  Young’s  modulus. 
The  difference  is  much  greater  when  the  bend¬ 
ing  contribution  is  considered,  which  Eq.  (2)  of 
course,  does. 


SPRING  CAPACITY 

The  following  simple  relations  determine 
the  load- carrying  capability  of  the  working  sec¬ 
tions  of  the  shims,  that  is,  the  uniform  portions 
between  the  joined  ends.  Stresses  in  the  joints 
are  more  complex  and  are  considered  sepa¬ 
rately: 


(4) 


(5) 


»t 1 


(6) 


where 


=  Normal  stress 
P  =  Longitudinal  load 
=  Shear  stress 

PL  =  Crosswire  load. 

JOINT  DESIGN 

We  can  idealize  the  joint  problem  (Fig.  4a), 
and,  recognizing  that  load  must  be  transferred 
from  one  shim  to  the  other  by  shear,  ask  what 
is  the  distribution  of  shear  stress  along  ihe 
center  plane  about  point  0.  The  solution  (Fig.  4b, 
from  G.  S.  Healy)  shows  that  the  peak  shear 
stress  occurs  very  close  to  point  0  with  a  value 
equal  numerically  to  the  uniform  tensile  stress 
at  a  remote  point  in  the  shim.  Since  shear 
strength  is  only  about  half  of  the  tensile  strength, 
the  joint  in  an  elementary  rectangular  spring  re¬ 
duces  its  capacity  proportionately.  Rapid  tailing 
off  of  the  shear  stress  shows  that  making  the 
joint  longer  above  0  will  do  very  little  to  reduce 
the  peak.  We  therefore  adopted  the  form  shown 
in  Fig.  5  in  which  the  joint  is  made  approxi¬ 
mately  twice  as  wide  as  the  working  section. 
Again,  the  virtue  of  long  shims  is  apparent;  the 
relatively  inefficient  joints  become  a  small  por¬ 
tion  of  the  total  length. 

Spot  welding  has  proved  to  be  an  effective 
means  for  joining  shims,  and  is  employed  in 
parts  now  undergoing  field  tests.  The  welds  can 
be  made  with  high  reliability,  and  by  fatigue 
testing  a  number  of  patterns  we  achieved  joints 
equal  in  strength  to  the  shim  working  sections. 
Figure  5  shows  three  of  these  patterns,  includ¬ 
ing  the  one  which  was  adopted.  Current  develop¬ 
ment,  based  on  a  simultaneous  braze  and  heat 
treat  cycle,  looks  promising  for  further  im¬ 
provement. 

One  other  aspect  of  joint  configuration  is 
illustrated  by  Fig.  6.  There  is  bending  as  well 
as  shear  across  each  joint,  and  a  tendency  to 
"curl  over"  where  clearances  accumulate  as  in 
Fig.  6a.  Extension  of  the  joined  section  (Fig.  6b) 
provides  rigidity  against  such  deformation. 


DAMPING 

The  dampii  g  of  shim  springs  results  from 
intershim  friction,  and  two  factors  are  at  work 
to  produce  it:  initial  precompression,  which 
causes  a  constant  friction  force,  and  ri .  tion 
to  shear  loading,  which  causes  a  friction  force 
increasing  with  displacement.  If  one  assumes 
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«ICTO*«.£SS  i^»fACES 


i 

Fig.  4.  Shear  stress  in  joint 


some  spot-weld  patterns 

Fig.  7.  Free  body  diagram  and 
idealized  force-deflection  curve 


t 


Fig.  b.  Extension  of  joint 
to  reduce  bending 


the  relation  to  be  a  direct  proportion,  we  can 
define  friction  gradients  which  have  the  same 
dimensions,  e.g.,  pounds  per  inch,  as  an  elastic 
gradient  or  stiffness,  and  which  correlate  satis¬ 
factorily  with  experimental  results.  Figure  7 
which  shows  the  balance  of  forces  on  a  shim 
spring  as  a  free  body. 


N  =  Normal  force  (resultant  of  fhe 
roller  reactions) 

N0  =  Initial  value  of  N  (i.e.,  the  com¬ 
pression  preload) 

N'  =  P( a  l>)  =  "Self- generated"  nor;  al 
force  due  to  external  force 

.  =  Coefficient  of  friction 

!>  Distance  between  normal  forces, 
which  depends  on  some  undefined 
pressure  distribution  on  the  shim 
!2'C3.  't  will  generally  be  less 
li.ai'i  1''3  ,  corresponding  to  a 

iriang  car  distribution 

K  -  fci.i7.uc  spring  rate  or  gradient 

A,  and  A,  =  Friction  gradients  for  *  and  i  of 
like  and  cf  opposite  sign,  respec¬ 
tively 
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*  =  A  change  in  displacement  5.  The  K  •  A,  and  K  •  a2  portions,  projected, 

pass  through  the  origin. 

P  =  The  corresponding  change  in  P 

because  of  changes  in  both  elas-  Frictional  characteristics  discussed  in  this 

tic  and  friction  forces  section  are  another  reason  for  making  long  thin 

shim  springs  (Fig.  8):  if  anything,  there  is  too 
'  s  =  P(  a  i> )  =  Change  in  normal  much  rather  than  too  little  damping.  Making 

force.  a  ».•  small  (which  is  the  case  for  a  long  spring) 

is  a  simple  way  to  limit  damping,  as  Eq.  (7)  and 
Then  P  K.  x  •  Pi?,  in  .  for  x  and  x  of  like  (8)  show, 
sign,  giving 


•K  -  a  _ l  mi  Fig-  8.  Shim  springs. 

1  1  -  (a  1>)  '  Tall  vs  short 


for  x  and  x  of  like  sign,  and 


RESONANCE  TRANSMISSIBILITY 


A , 


-Kin  !)) 

i  -  m 


for  x  and  i  of  opposite  sign. 


(8) 


We  can  now  construct  an  idealized  force- 
deflection  curve  for  the  spring  (Fig.  7)  if  we 
note  that: 


For  a  centered  spring  (Fig.  9a),  we  can 
predict  resonance  transmissibility  with 

assurance,  using  the  following  expression  from 
Ref.  |  2): 


1.  The  "self-generated"  ’normal  force  V 
has  no  effect  on  friction  until  it  exceeds  the 
compression  preload  N'.,,  i.e . ,  friction  force  is 
constant  <  n„  >  for  P  ;  s,.il>  a> 

2.  As  long  as  the  friction  force  is  constant, 
the  slope  of  the  force-deflection  curve  is  the 
elastic  spring  rate  K. 

3.  The  intercept  of  the  force-def  ection 
curve  on  the  force  axis  is  P  •  N  ,  w  :en  x  is 
positive  and  p  - .  n  .  when  \  is  negative, 

4.  When  tlie  sell-generated  force  V  ex¬ 
ceeds  the  precompression  N  , ,  i.e.,  when 

P  N  ,i  !>  .i the  friction  force  varies  directly 
with  deflection  accordin'.’:  to  the  gradients  A, 
and  A, ,  and  the  curve  slopes  become:  K  A,  for 
\  and  \  of  like  sign,  K-  A.  for  \  and  \  oi  oppo¬ 
site  sign. 


where  we  can  take  A  < A ,  A 3.  2  with  very  little 
error.  Although  the  damning  is  frictional,  Ttli< 
is  always  finite,  depending  only  on  A  K  .  Infinite 
resonance,  possible  when  conventional  friction 
dampers  are  used  beyond  a  critical  input  [  3,4], 
cannot  occur  in  this  case. 

When  there  is  static  displacement  as  in 
Fig.  9b  (and  this  is  more  often  the  case),  we  do 
not  yet  have  a  good  analytical  procedure  for 
calculating  T,,  This  is  one  of  the  substantial 
problems  referred  to  early  in  this  paper.  Ex¬ 
perimentally,  very  favorable  damping  charac¬ 
teristics  have  been  shown.  Figure  10,  tor  ex¬ 
ample,  shows  transmissibility  data  from  tests 
on  a  prototype  aircraft  turbine  isolator.  At 
resonance,  transmissibility  is  low,  about  2.5, 
and  it  decreases  rapidly  with  increasing  fre¬ 
quency.  at  about  12  ab  'ocative  for  constant  dis¬ 
placement  input  and  6  db  octave  for  constant 
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Semite  OCfLECTtO 


(O)  lb) 


Fig.  9.  Effect  of  static  displacement  on 
damping  characteristic 


3  10  20  SO  IOO  300 

Fscoutscr  -  crs 


Fig.  10.  Transmissibility:  Shim  spring 
isolator  for  aircraft  turbine 


PROTECTION  OF  SHIM 
SURFACES 

As  each  shim  is  in  intimate,  oscillatory 
contact  with  Its  neighbor,  protection  from  fret¬ 
ting  corrosion  is  essential  for  maintaining  a 
uniform  coefficient  of  friction  during  the  life  of 
the  spring.  A  variety  of  treatments  was  tested 
using  small  flat  coupons  under  conditions  simu¬ 
lating  aircraft  turbine  operation:  1000- psi  sur¬ 
face  pressure,  500:F  temperature,  0.005- in. 
double  amplitude  relative  motion,  and  100- cps 
frequency. 

Films  of  solid  lubricants  such  as  graphite 
and  molybdenum  disulfide  proved  completely  in¬ 
adequate,  whether  applied  by  simple  burnishing 
or  In  bound  coatings.  In  general,  they  were  so 
thin  that  they  wore  through  at  high  spots,  and 
fretting  corrosion  occurred  in  a  few  hours  at 
most.  These  materials  work  excellently  in 
bearings  with  closely  machined  (urfaces,  but 
not  on  rolled  shims  which  have  a  relatively  ir¬ 
regular  surface.  Lubricating  tapes  of  reinforced 
Teflon,  on  the  other  hand,  performed  excellently. 
They  were  thick  enough  (about  0.010  in.)  to  ac¬ 
commodate  minor  irregularities,  showed  very 
little  flow  or  wear  after  several  hundred  hours 
of  testing,  and  maintained  a  uniform  coefficient 
of  friction. 


FATIGUE 

Much  remains  to  be  done  in  establishing 
the  fatigue  life  of  shim  springs  in  a  broad  sense, 
but  for  the  particular  case  of  an  aircraft  turbine, 
considerable  information  has  been  acquired. 


acceleration.  Performance  as  an  isolator  is, 
therefore,  as  good  as  or  better  than  that  of  a 
classical,  viscous  damped  spring;  it  is  much 
better  than  that  of  springs  combined  with  con¬ 
ventional  friction  dampers.  The  latter,  under 
constant  input  acceleration,  displays  constant 
rather  than  decreasing  transmissibility  [  4  J . 

In  attempting  to  explain  the  above  perform¬ 
ance,  vie  run  into  the  problem  that  the  shim 
spring,  with  a  static  displacement,  should  ap¬ 
pear  to  have  conventional  friction  damping  of 
equivalent  force  F(.  (Fig.  9b).  A  sudden  jump 
in  Tri  s  with  increasing  input  should  therefore  be 
expected,  with  finite  limitation  as  displacement- 
proportioned  damping  begins  to  dominate.  So 
far,  this  postulated  characteristic  has  not  been 
identified. 


Low- Stress,  Long- Duration  Testing 

Durability  for  long-term,  relatively  low- 
stress  operation,  corresponding  to  cruise  con¬ 
ditions,  was  demonstrated  by  a  spot-welded 
spring  assembly  composed  of  31  shims.  Tested 
at  500°  F,  the  spring  experienced  a  mean  stress 
of  32,000  psi  with  oscillatory  motion  of  0.005-in. 
double  amplitude  at  a  frequency  of  150  cps.  The 
corresponding  stress  oscillation,  about  t2000 
psi,  was  monitored  and  showed  little  change 
during  the  course  of  the  test,  which  was  termi¬ 
nated  at  1000  hr.  Static  stiffness  was  not  meas¬ 
urably  changed.  Deterioration  of  the  lubricating 
tape  adhesive  was  apparent,  and  improvement  is 
needed.  The  tapes  were,  however,  not  displaced, 
and  their  wear  was  nil.  This  spring  was  made 
of  410  stainless  steel;  a  change  to  17-7PH 
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stainless  has  been  made  sir^e  then  for  better 
mechanical  properties,  weldability,  and  en¬ 
vironmental  resistance,  and  for  heat  treatment 
which  is  more  compatible  with  our  fabricating 
procedure . 


Tests  at  High  Stress  Levels 

Occasional  abnormal  loads  (limit  loads) 
occur  in  aircraft  due  to  hard  landings,  severe 
maneuvers,  or  other  conditions,  for  a  total  of 
about  5000  such  loads  during  an  engine  over¬ 
haul  period.  This  number  represents  minimum 
acceptable  life  for  an  isolator,  and  fatigue  tests 
to  limit  loads  were  run  both  for  development 
purposes  and  to  assure  performance  of  5000 
limit  load  cycles  with  a  high  degree  of  certainty. 

Two  types  of  tests  were  performed.  One 
was  to  determine  a  safe  cyclic  stress  for  vari¬ 
ous  materials  in  the  thin  gages  characteristic 
of  shim  springs,  0.010  in.  and  0.018  in.  in  our 
prototype.  The  second  was  to  determine  a  safe 
cyclic  stress  for  the  welded  assembly,  or  ele¬ 
ments  of  it,  in  which  joint  design  and  fabrica¬ 
tion  are  major  elements. 

The  results  of  material  testing  on  17-7PH 
stainless  are  presented  in  Table  2,  which  also 
shows  the  specimen.  The  data  were  badly 
skewed  to  the  right,  and  were  analyzed  by  the 
Weibull  distribution  function  j  5]  which  provides 
an  estimate  of  minimum  fatigue  life  (column  3). 
No  failures  are  to  be  expected  below  this  figure. 
Another  analysis  was  made,  based  on  the  log  of 
cyclic  life,  which  made  the  distribution  more 
nearly  normal.  Based  on  this,  the  last  column 
gives  expected  life,  assuming  we  will  accept  the 
risk  (i.e.,  probability)  of  0.00135  that  failure 
will  occur  earlier.  This  applies  to  the  testing 
of  single  specimens,  and  is  a  probability  level 
corresponding  to  three  standard  deviations.  In 
the  critical  section  of  our  prototype  there  are 
21  shims  in  series,  and  the  probability  of  fail¬ 
ure  in  that  case  (0.028)  comes  from: 

an  l-(l-fl)".  (10) 

where  an  =  probability  of  failure  for  a  spring 
of  n  shims,  and  a  =  probability  of  failure  of  a 
single  shim. 

From  the  tabulated  results,  we  can  expect 
about  10,000-15,000  cycles  of  operation  at  a 
peak  stress  of  140,000  psi.  Our  prototype  is 
designed  to  a  peak  stress  of  only  90,000  psi. 

As  far  as  material  capability  is  concerned,  the 
design  is  therefore  entirely  safe. 


The  results  of  tests  on  welded  specimens 
are  shown  in  Fig.  11.  Each  specimen  consisted 
of  Jiree  shims  and  therefore  two  pints,  a  so- 
called  N  specimen,  and  the  design  proved  to  be 
most  convenient.  It  is  easy  to  install  in  the 
test  fixture,  and  it  represents  minimum  con¬ 
struction  time  for  given  data  acquisition;  speci¬ 
mens  with  more  shims  would  add  very  little  in¬ 
formation  since  only  the  first  shim  or  joint  to 
break  provides  a  data  point. 


Fig.  11.  Fatigue  test,  spot- 
weided  springs 


The  most  complete  data,  for  room  tempera¬ 
ture  tests  at  100,000  psi,  is  again  badly  skewed 
to  the  right,  resulting  in  pessimistic  interpreta¬ 
tion  of  life  expectancy.  In  a  qualitative  way, 

Fig.  11  shows  that  we  can  reasonably  expect 
life  of  at  least  one  engine  overhaul  period. 

Tests  on  four  complete  prototype  springs,  also 
plotted,  bear  out  this  expectation.  Quantita¬ 
tively,  analysis  shows  0.006  probability  of  fail¬ 
ure  at  5000  cycles  at  100,000  psi  for  the  N 
specimens.  Because  each  has  two  joints,  we 
estimated  reliability  of  our  21- joint  isolator  by 
substituting  a  =  0.006  and  n  =  21/2  in  Eq.  (10). 

A  rather  high  failure  probability  of  0.065  at 
5000  cycles  at  100,000  psi  results.  A  limit-load 
stress  of  90,000  psi  was  therefore  established, 
and  the  resulting  performance  of  four  complete 
springs  has  already  been  noted. 


AIRCRAFT  TURBINE  MOUNTING 

Figure  12  is  a  good  example  of  how  one  can 
devise  a  shim  spring  assembly  to  provide  char¬ 
acteristics  which  differ  substantially  from  those 
of  the  springs  themselves.  Rigidity  of  the  in¬ 
dividual  elements  parallel  to  the  y  axis  is  high. 
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TABLE  2 

Tensile  Fatigue  Tests  17-7PH  Stain¬ 
less  Steel  (0.018-m.  Thick) 
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Fig.  12.  Schematic  of  aircraft 
turbine  mounting 


However,  at  the  engine  attachment  point  (the 
ball  joint)  deflection  along  y  is  converted  into 
shear  of  each  spring,  and  the  ratio  of  Ky  to  K, 
is  controlled  by  the  geometric  ratio  l>  a.  The 
fore-and-aft  stiffness  K„  is  a  function  of  cross¬ 
wise  stiffness  KL  and  rotational,  in-plane  stiff¬ 
ness  K  of  the  individual  springs,  and  of  dimen¬ 
sion  a .  A  balance  of  these  factors  produced 
excellent  compliance  with  suspension  require¬ 
ments.  Figure  13  is  a  photograph  of  the  proto¬ 
type  isolator  now  under  test. 

Not  apparent  from  either  figure  is  that  the 
springs  are  bilinear,  having  increased  stiffness 
above  the  normal  load  range.  Figure  14  shows 
schematically  how  this  is  done,  and  is  self- 
explanatory.  Not  so  obvious  is  the  weight  and 


space  saved;  stage  1  bottoms  before  maximum 
load  on  the  assembly  is  reached  and  can,  there¬ 
fore,  be  made  from  thinner  shims  than  stage  2. 
In  the  prototype,  for  example,  the  two  stages 
have  equal  spring  rates,  but  a  two-to-one  dif¬ 
ference  in  weight  and  thickness. 


TRUCK  SUSPENSION  SPRINGS 

Figure  15  depicts  a  case  where  the  cora- 
pressional  rigidity  of  a  shim  spring  is  put  to 
good  use:  it  transmits  driving  and  braking 
forces  from  axle  to  chassis,  making  radius  rods 
unnecessary.  In -plane  rotation  of  the  springs 
accommodates  tilting  of  the  2xle  when  one  wheel 
rises  or  falls,  and  the  truck  weight  is  carried 
in  the  lengthwise  direction  of  the  spring,  the 
direction  in  which  its  high  efficiency  can  be 
realized.  We  do  not  know  yet  whether  shim 
damping  can  eliminate  the  use  of  conventional 
shock  absorbers. 

The  really  attractive  feature  of  shim  spring 
suspension  to  the  vehicle  operator  is  weight 
saving,  roughly  50  percent  over  conventional 
springs.  The  vehicular  shim  spring  is  also  a 
lot  more  expensive,  and  this  factor  has  so  far 
kept  it  in  the  laboratory  stage. 

FUTURE  DEVELOPMENT 

The  weight  of  any  spring  varies  inversely 
as  the  square  of  allowable  stress,  and  means  to 
utilize  materials  closer  to  their  maximum  ca¬ 
pabilities  are  of  great  importance.  Our  present 
maximum  level  of  about  90,000  psi  for  104-105 
cycles  leaves  room  for  improvement.  Some 
steps  which  will  lead  to  this  are: 
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Fig.  13.  Aircraft  turbine  mounting  prototype 


F’g.  14  Nonlinear  shim 
springs 


1.  More  comprehensive  iatigue  tests  to 
establish  endurance  limits  of  various  materials 
in  thin  gages; 

2.  Improvement  in  joint  design,  fabrication, 
or  botn  to  enable  more  efficient  transfer  of  load 
from  shim  to  shim; 

3.  Investigation  of  special  surface  finishes, 
shot  peening  (difficult  on  very  thin  materials), 
and  other  refinements  to  improve  fatigue  life. 


4.  Lubrication  studies:  a  number  of 
greases  and  other  lubricating  materials  have 
shown  potential  as  a  replacement  for  lubricat¬ 
ing  tapes,  especially  at  normal  temperatures, 
and  at  a  much  lower  cost. 


SUMMARY 

The  shim  spring  conception  and  its  advan¬ 
tages  have  been  described;  its  characteristics 
have  been  identified  qualitatively  and  by  design 
formulas,  and  some  of  the  problems  associated 
with  its  use  ha.e  been  stated.  There  is  a  re¬ 
counting  of  the  degree  to  which  they  have  been 
overcome,  and  two  practical  applications,  one 
now  undergoing  field  test,  have  been  described. 
Steps  for  further  development  have  been  noted. 
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DISCUSSION 


Mr.  Kunica  (Perkir.- Elmer  Corp.):  Could 
you  please  comment  from  the  practical  point  of 
view  on  the  problem  associated  with  controlling 
the  dimension  B  or  the  parameter  B  which  of 
course  in  turn  controls  the  damping? 

Mr.  Wallerstein:  That  dimension  is  a 
function  of  the  pressure  distribution  between 
shims,  or  between  the  shims  and  the  restrain¬ 
ing  faces. 

Mr.  Kunica:  But  it  would  seem  that  from  a 
production  point  of  view  it  may  be  difficult  to 
maintain,  quality-control-wise. 

Mr.  Wallerstein:  It  is  not  difficult  to  do  it 
in  a  uniform  fashion  from  one  spring  to  another. 
They  operate  very  uniformly.  Our  trouble  is, 
how  do  we  calculate  it.  Once  you  build  a  spring 
and  duplicate  it,  the  performance  is  quite  uni¬ 
form  from  one  to  the  next. 

Mr.  Kunica:  Could  you  comment  further  on 
the  fatigue  life  problem?  This  is  something 
which  is  being  worked  on  I  assume. 

Mr.  Wallerstein:  Yes.  We  have  done  quite 
a  bit  of  work  on  fatigue.  We  are  at  a  level  now 
where,  with  a  high  level  of  confidence,  we  can 
expect  to  get  at  least  one  engine  overhaul  on  a 
conventional  turbine  aircraft  turbine.  We  do 


not  look  on  this  as  being  the  ultimate  by  any 
means,  but  we  have  reached  that  level  of  opera¬ 
tion  now.  The  paper  which  will  be  printed  has 
quite  a  bit  of  detail  on  fatigue  testing. 

Mr.  Berkman  (Litton  Data  Systems):  What 
is  the  smallest  practical  size  in  which  this  could 
be  built?  —  the  smallest  load  which  it  might  be 
able  to  carry? 

Mr.  Wallerstein:  In  initial  studies  we 
looked  at  everything  from  instrument  mountings 
of  just  a  few  pounds  capacity  up  to  things  to  carry 
trucks.  I  think  the  limitation  on  small  size  will 
come  in  the  ability  to  weld  very  very  thin  shims 
together  in  a  satisfactory  manner.  Right  now  I 
would  hesitate  to  say  that  a  spring  could  be  made 
in  the  range  of  a  very  light  instrument  mounting. 

Mr.  Verga  (BazeltineCorp.):  I  think  that  the 
design  is  very~cTever.  You  spoke  about  damping, 
and  certainly  when  you  have  components  that 
slide  against  each  other  wivh  a  normal  force 
applied  there  will  be  damping.  But  the  thing 
that  bothers  me  about  this  design  is  that  it  is 
being  used  as  an  isolator,  and  as  an  isolator  it 
has  to  have  flexibility,  deflectionability ,  so  that 
it  can  resonate,  and  then  isolate.  An  isolator 
does  not  necessarily  have  to  have  damping,  al¬ 
though  most  of  the  time  it  is  desired  to  have 
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damping  in  an  isolator.  In  the  axial  direction 
there  is  no  question  that  this  device  does  not 
perform  as  an  isolator.  However,  in  the  other 
two  direct:ons  you  have  stated  that  the  elements 
are  loaded  in  tension  and  compression  with 
virtually  no  buckling.  Are  you  going  to  be  able 
to  get  deflectionability?  If  you  have  pure  ten¬ 
sion  and  compression  it  is  Inconceivable  to  me 
to  think  that  you  will  be  able  to  get  enough  de¬ 
flection  to  get  a  resonance  such  as  20  or  12. 


In  that  first  chart  you  plotted  energy  stored 
per  pound,  and  you  showed  the  shim  isolator 
as  a  very  high  one.  However,  if  I  would  plot 
the  same  thing  for  a  little  blocx  of  steel,  say, 
wouldn’t  I  expect  it  to  be  still  higher? 

Mr.  Wallerstein:  No.  It  should  be  exactly 
the  r-ame.  A  block  of  steel,  if  you  assume  pure 
compression  or  pure  tension,  you  would  get  the 
same  thing. 


TEST  FACILITIES 


ADVANCED  COMBINED  ENVIRONMENTAL  TEST  FACILITY 

Edward  J.  Kirchman  and  Charles  J.  \icilesi 
NASA  Goddard  Space  Flight  Center 
Greenbelt,  Maryland 


A  new  spacecraft  test  facility,  the  launch  phase  simulator  (LPS),  is  now  operational  at  the 
Goddard  Space  Flight  Center  in  Greenbelt,  Maryland.  This  facility  can  reproduce  the  combined 
launch  environmental  conditions  of  steady  or  sustained  acceleration,  acoustic  noise,  pressure 
profile,  and  mechanical  vibration.  These  environmental  capabilities  are: 

1.  Steady  acceleration  --  30  g  maximum  with  capability  of  simulating  acceleration  and  decelera¬ 
tion  rates  of  the  Delta,  Agena,  and  larger  classes  of  liquid  engine  boosters. 

2.  Acoustic  noise  —  150-db  rms  overall  SPL  exterior  to  the  shroud-enclosed  spacecraft.  This 
spectrum  is  flat  from  100  to  700  Hz,  with  6  db/octave  roll-off  from  700  to  12,000  Hz. 

3.  Pressure  —  programmed  to  follow  the  launch  pressure  profile  from  760  torr  to  3  ■  10*  1  torr, 
i.e.,  up  to  an  altitude  of  approximately  190,000  ft. 

4.  Mechanical  vibration  —  three  degrees  of  freedom  (longitudinal,  lateral,  and  pitch)  from  0.6 
to  200  Hz  with  both  sinusoidal  and  random  capability.  Multiaxis  motion  with  this  system  may 
be  either  independent  or  simultaneous.  (This  system  is  capable  of  operation  or.  the  centrifuge 
arm  or  in  an  offboard  condition  mounted  on  a  seismic  reaction  mass.) 

Each  of  these  systems  can  simulate  the  act  lal  environmental  conditions  in  real  time  and  can  be 
operated  in  either  the  automatic  or  manual  mode. 

Physically,  the  facility  is  a  large  centrifuge  (60-ft  radius  to  payload  c.g.)  which  weighs  approx¬ 
imately  500,000  lb  and  has  a  cylindrical  test  chamber  (12  ft  in  diameter  and  22  ft  long)  mounted 
on  the  end  of  the  centrifuge  arm.  The  chamber  houses  the  acoustic,  vacuum,  and  vibration  sys¬ 
tems,  and  can  accommodate  a  payload  or  spacecraft  configuration  that  weighs  up  to  5000  ib  and 
can  be  defined  in  an  envelope  10  ft  in  diameter  and  i5  ft  long.  The  centrifuge  is  located  in  an 
enclosure  or  rotunda  which  is  157  ft  in  diameter  and  27  ft  high. 

A  description  of  the  environmental  capabilities  of  the  LPS  is  presented,  with  a  detailed  explana¬ 
tion  of  the  facility  and  its  various  subsystems.  In  addition,  operational  philosophies  and  proce¬ 
dures  are  explained,  and  spacecraft  and  component  tests  conducted  to  date  are  summarized. 

These  tests  consisted  of  the  simulation  of  single  and  combined  environments  involving  the  vac¬ 
uum,  acoustic,  and  steady  acceleration  systems.  Design  investigations  and  research  programs 
used  as  engineering  tool1  in  the  design  and  development  of  the  facility  are  also  discussed.  Fi¬ 
nally,  future  applications  aid  growth  potential  of  the  facility  are  discussed  with  respect  to  third 
generation  or  advanced  mission  satellite  programs  such  as  the  Voyager. 

INTRODUCTION  environmental  tester.  In  fact,  design  philoso¬ 

phies  have  often  resulted  ii'  hardware  tailored 
The  environmental  exposures  can,  in  gen-  to  the  simulated  test  condition  rather  than  the 

eral,  be  divided  into  three  broad  categories:  actual  environment.  Thus,  the  practice  in 

the  prelaunch  or  ground  handling  environment,  launch  environmental  testing  has  been  to  con- 

the  launch  environment,  and  the  orbital  envi-  duct  a  series  of  individual  tests  usually  consist- 

ronment.  In  particular,  during  the  launch  envi-  ing  of  single  environmental  conditions  or,  at 

ronment  the  environment  loading  conditions  best,  simple  combinations  of  such  conditions, 

usually  occur  simultaneously,  and  in  the  past 

reproduction  of  this  environment  has  not  been  During  launch  of  a  space  vehicle,  the  se- 

attempted  because  of  the  lag  in  simulation  tech-  verity  ol  noise-induced  vibration  is  at  its  great- 
niques  between  the  design  engineer  and  the  est;  at  the  same  time  the  liftoff  accelerations 
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are  ol  an  appreciable  magnitude,  not  to  mention 
other  effects  such  as  pressure  and  temperature 
variations.  The  combination  of  mereiy  mechani¬ 
cal  vibration  and  sustained  (or  steady)  accelera¬ 
tion  in  a  laboratory  test  is  especially  difficult 
and,  until  recently,  has  been  avoided  because  of 
the  inherently  complex  nature  of  the  facility  re¬ 
quired.  However,  we  are  rapidly  approaching  a 
sophistication  in  the  design  of  spacecraft  and 
vehicles  where  the  specific  effects  of  combining 
sustained  acceleration,  mechanical  and  acoustic 
vibration,  and  pressure  can  no  ionger  be  ignored 
in  evolving  efficient  and  reliable  designs  for 
spacecraft  structure,  systems,  subsystems,  and 
components.  Significant  effects  can  be  produced 
by  a  combination  of  stresses  resulting  from 
such  factors  as  steady-state  structural  defor¬ 
mations  which  modify  vibration  response  char¬ 
acteristics,  binding  or  friction  in  mechanism 
causing  erratic  responses  under  vibration,  and 
additive  steady-state  and  vibratory  accelera¬ 
tions  overstressing  both  structure  an.!  compo¬ 
nents.  To  complicate  matters  further,  addi¬ 
tional  combinations  of  environmental  stresses 
such  as  temperature  and  pressure  can  multiply 
the  physical  effects  that  must  now  be  considered 
in  simulating  the  launch  environmental  conditions. 

Since  the  goal  in  environmental  testing  at 
Goddard  Space  Flight  Center  is  to  test  in  a 
manner  whir'.  will  most  accurately  simulate  the 
actual  en  a  iment,  a  task  team  eflort  was  ini¬ 
tially  established  to  determine  the  feasibility  of 
designing  and  building  a  large  facility  which 
could  simulate  the  combinations  of  the  launch 
environmental  conditions.  From  this  small 
task  team  emanated  an  advanced  combined 


environmental  test  facility  designated  as  the 
launch  phase  simulator  (LPS)  [l],  which  is  now 
operational  at  the  Goddard  Space  Flight  Center 
in  Greenbelt,  Maryland. 

Presented  here  is  a  detailed  treatment  of 
the  environmental  capabilities  of  the  facility, 
with  a  complete  description  of  the  operational 
conceptions.  In  addition,  spacecraft  and  com¬ 
ponents  tests  conducted  to  date  are  summarized. 
Finally,  design  investigations  and  research 
programs  used  as  engineering  tools  in  the  de¬ 
velopment  of  the  LPS  are  discussed. 


CAPABILITIES  G*  FACILITY 

The  LPS,  shown  in  Fig.  1,  is  capable  of 
reproducing  the  combined  major  launch  envi¬ 
ronmental  conditions,  L.e.,  steady  or  sustained 
acceleration,  acoustic  noise,  pressure  profile, 
and  mechanical  vibration.  (Thermal  heating 
simulation  was  not  Included  in  the  environmen¬ 
tal  capabilities,  because  in  the  launch  phase 
this  effect  is  of  short  duration  and  confined  to  < 

the  shroud  which  is  jettisoned  before  much 
transfer  to  the  spacecraft  takes  place.)  Figure  I 

2  presents  a  general  representation  of  the 
combined-environment  parameters  available  ; 

on  the  LPS.  Specifically,  the  environment! 
capabilities  are: 

1.  Steady  acceleration  of  30  g  max. mum, 
with  capability  of  simulating  acceleration  and 
deceleration  rates  of  the  Delta,  Agena,  aid 
larger  classes  of  liquid  engine  boosters.  Fig¬ 
ure  3  presents  the  thrust  onset  capability  in 


Fig.  1.  LPS  located  in  building  enclosure 
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Fig.  Z.  Available  parameters  of  the  LPS 


comparison  with  the  data  from  a  Delta  S-3 
launch  and  an  Atias-Agena  B  launch  [2].  The 
former  vehicle  carried  an  85-lb  payload, 
wnereas  the  latter  carried  a  1000-ib  payload 
(EGO). 

2.  Acoustic  noise  of  150-db  rms  overall 
SPL  exterior  to  the  shroud-enciosed  space¬ 
craft.  This  spectrum  is  flat  from  100  to  700  Hz, 
with  6  db/octave  roll-off  from  700  to  12,000  Hz. 
Figure  4  Illustrates  the  capability  of  the  LPS 
acoustic  system,  wi*'  *x>th  OGO-C  launch  meas¬ 
urement  data  and  test  data  from  an  acoustic  test 


performed  at  Langley  Research  Center  in  March 
1964  (  3).  The  LPS  acoustic  data  shown  In  Fig.  4 
present  a  typicai  spectrum  and  not  one  that  at¬ 
tempted  to  reproduce  the  flight  measurements 
or  the  OGO-C  test.  This  is  the  reason  for  the 
difference  in  ievels  at  the  iower  frequencies. 
Actual  simulation  with  die  LPS  acoustic  system 
very  closely  approximates  the  iaunch  measure¬ 
ment  data. 

3.  Pressure  programmed  to  follow  the 
iaunch  pressure  profiie  from  760  torr  to  3  x  10  1 
torr,  i.e.,  up  to  an  altitude  of  approximately 
190,000  ft.  In  general,  this  system  can  simu¬ 
late  the  iaunch  pressure  profiie  for  Delta,  Agena, 
and  Atlas-Centaur  launched  spacecraft.  This  is 
iiiustrated  in  Fig.  5,  where  the  LPS  dp/dt  capa¬ 
bility  is  presented  with  profiles  for  actual  Delta, 
Atias-Agena,  Atlas- Centaur,  and  Aerobee  350 
launch  data.  Simulation  down  to  10  torr  is  ex¬ 
tremely  good,  with  some  deviation  for  the  Delta 
launches  below  this  levei.  The  Aerobee  350  is 

a  solid  propellant  rocket;  the  pressure  profile 
for  this  vehicie  is  presented  for  comparison 
purposes. 

4.  Mechanical  vibration  having  three  de¬ 
grees  of  freedom  (longitudinal  or  thrust,  lateral, 
and  pitch)  from  0.5  to  200  Hz  with  both  sinusoi¬ 
dal  and  random  capability.  Multiaxis  motion 
with  this  system  may  be  either  independent  or 
simultaneous.  (This  system  is  capable  of  oper¬ 
ation  on  the  centrifuge  arm  or  in  an  offboard 
condition  mounted  on  a  seismic  reaction  mass. 


Fig.  3.  Comparison  of  flight  acceleration  data  with  LPS  capability 
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Fig.  4.  Comparison  of  acoustic  test  data 


Fig.  5.  Comparison  of  flight  va  um  profiles  with  LPj  capability 
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At  present,  the  system  is  operational  in  the  oil- 
board  condition.  Completion  of  the  system  to 
permit  operation  on  the  centrifuge  arm  is 
scheduled  lor  December  1967.)  The  sinusoidal 
and  random  vibration  schedules  for  this  system 
are  as  follows: 

Sinusoidal  Vibration 

Longitudinal  or  thrust:  z4  g,  1-in.  double  am¬ 
plitude  motion 

Lateral:  tl  g.  1-in.  double  amplitude  motion 

Pitch:  1 10  rad/ sec  3  angular  acceleration, 
O.C15-rad  double  amplitude  motion 

Random  Vibration 

Longitudinal  or  thrust:  2.8  g  rms  (8,4  g  peak), 
1-in.  double  amplitude  motion 

Lateral:  1.4  g  rms  (4.2  g  peak;,  1-in.  double 
amplitude  motion 

Pitch;  7  rad/sec  1  rms  angular  acceleration, 
0.015-rad  double  amplitude  motion. 

(Operational  capabilities  of  the  vibration  system 
when  mounted  on  the  seismic  reaction  mass  or 
on  the  centrifuge  arm  are  identical  except  the 


frequency  range  which  is  1/2-200  Hz  for  the 
former  condition  and  5- 100  Hz  for  the  latter 
condition.)  Each  of  these  systems  can  simulate 
the  actual  environmental  conditions  in  real  time 
and  can  be  operat<  '  in  either  an  automatic  or 
manual  mode. 

The  facility  can  accommodate  a  payload  or 
spacecraft  configuration  that  weighs  up  to  5000 
lb  and  is  defined  in  an  envelope  10  ft  in  diame¬ 
ter  and  15  ft  long.  This  spacecraft  size  was 
based  on  the  second  generation  or  observatory 
class  of  spacecraft.  The  mode  of  operation  for 
combined-environment  testing  on  this  facility 
i6  to  test  the  spacecraft  in  the  flight  shroud 
hardware  for  most  realistic  simulation. 


FACILITY 

The  facility  (Fig.  1)  is  a  large  centrifuge 
(60-ft  radius  to  payload  c.g.)  which  weighs  ap¬ 
proximately  500,000  lb  and  is  made  of  a  truss 
structure  with  a  cylindrical  test  chamber 
mounted  on  the  end  of  the  arm.  The  centrifuge 
as  shown  in  Fig.  6  is  located  in  a  circular  en¬ 
closure  or  rotunda  157  ft  in  diameter  and  27  ft 
high.  For  purposes  oi  discussion,  the  facility 
is  broken  down  into  (a)  five  major  components— 
the  rotating  structure  and  support  pedestal  as¬ 
sembly,  Lhe  drive  system,  the  test  chamber, 
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the  building,  and  the  controls  and  instrumenta¬ 
tion  system  for  the  components  —  and  (b)  the 
four  environmental  systems  —  the  sustained  ac¬ 
celeration  system,  the  vacuum  (pressure  pro¬ 
file)  system,  the  acoustic  noise  system,  and  the 
mechanical  vibration  system. 


Rotating  Structure  and 
Pedestal  Assembly 

The  main  components  of  the  rotating  struc¬ 
ture  and  pedestal  assembly  (Fig.  7)  are: 

1.  Arm  structure  and  counterweight 

2.  Support  pedestal 

3.  Aximuth  bearing 

4.  Drive  gear 

5.  Brake  system 

6.  Rotary  joint 

7.  Power  and  instrumentation  slip  rings 

8.  Load  balance  system 

The  arm  structure  and  counterweight  sys¬ 
tem  are  fabricated  of  ASTM  A441  steel;  the  four 
main  members  are  14WF219  sections  approxi¬ 
mately  85  ft  long.  (Radial  distance  from  the 
center  of  rotation  to  the  tip  of  the  rotating  struc¬ 
ture  is  72.5  ft.)  The  support  pedestal,  which 
supports  the  entire  rotating  structure,  is  cruci¬ 
form  In  shape  and  is  supported  by  a  massive 
concrete  base  and  some  50  piles  each  driven 
approximately  60  ft  into  the  supporting  soil. 

The  aximuth  bearing  and  drive  (or  bull)  gear 
are  a  composite  assembly,  with  the  stationary 
portion  of  the  bearing  mounted  on  the  pedestal 


The  bearing  is  a  1/1  configuration  X-type  roller 
bearing  and  is  approximately  13  ft  in  diameter. 
The  bull  gear,  which  is  exterior  to  the  bearing, 
meshes  with  two  pinion  gears  oriented  180  deg 
apart.  These  pinions  are  coupled  to  drive  mo¬ 
tors  at  these  locations.  Regenerative  braking 
is  employed  for  deceleration  of  the  rotating  arm 
from  any  speed  down  to  5  rpm,  at  which  point 
mechanical  braking  is  employed.  The  rotary 
joint  at  the  center  of  rotation  is  both  a  hydraulic 
and  vacuum  rotary  joint.  The  slip  rings  are 
made  up  of  some  150  power  rings  and  650  in¬ 
strumentation  slip  rings.  The  load  balance 
system  is  capable  of  sensing  a  static  unbalance 
(and  the  associated  dynamic  unbalance)  of  500 
lb  at  the  60-ft  radial  station  (typical  c.g.  of 
spacecraft). 


Drive  System 

The  drive  system  is  composed  of  two  1.'50- 
hp  dc  motors  operated  in  conjunction  with  a 
motor  generator  set.  The  drive  motors  are 
located  around  the  support  pedestal  180  deg 
apart  and  mate  to  the  pinions  through  large  cou¬ 
plings.  The  motor  generator  set  is  located  in  a 
separate  room  in  the  building,  as  shown  in  Fig.  6. 
The  total  drive  horsepower  is  2500,  with  over¬ 
load  ratings  of  40  percent  and  100  percent  for 
30  min  and  5  min,  respectively.  This  overload 
rating  may  be  used  for  either  higher  sustained 
speed  or  increased  (onset)  acceleration  anti 
deceleration  rates.  The  speed  control  for  the 
operation  of  the  drive  system  is  0.5  percent  of 


Fir.  7.  General  arrangement  of  LPS  showing 
rotating  structure,  pedestal,  and  vacuum  trench 
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rated  speed  of  38.3  rpm  (speed  corresponding 
to  30  g  at  60-ft  test  radius). 


Test  Chamber 

The  test  chamber,  which  is  a  cylinder  ap¬ 
proximately  12  ft  in  diameter  and  22  ft  long,  is 
a  vacuum  chamber  and  houses  both  the  acoustic 
and  vibration  systems.  As  depicted  in  Fig.  8, 

It  has  three  sections:  inboard  or  dome-type 
section,  center  section,  and  outboard  section  or 
end  cap.  The  outboard  section  (or  end  cap)  is 
removable  and  has  a  support  table  which  func¬ 
tions  as  a  mounting  (attachment)  surface  for  the 
particular  spacecraft  undergoing  test.  The  test 
chamber  weighs  approximately  80,000  lb  without 
spacecraft;  the  end  cap  which  houses  the  vibra¬ 
tion  system  weighs  about  32,000  lb.  For  growth 


capability,  the  complete  test  chamber  can  be 
removed  from  the  arm  structure  at  the  splice 
section  shown  in  Fig.  7.  This  permits  the  re¬ 
placement  of  this  chamber  with  a  larger  one  to 
accommodate  larger,  third  generation  space¬ 
craft  of  the  Voyager  class. 


Vacuum  System 

Actually,  the  vacuum  system  is  two  sys¬ 
tems,  a  primary  (main)  and  a  secondary.  The 
main  vacuum  (pressure  profile)  system  oper¬ 
ates  off  of  a  multistage  steam-operated  air 
ejector  system.  This  system  operates  on  power 
plant  steam  and,  as  an  example,  requires  60,000 
lb/hr  of  steam  consumption  at  115  pslg  to  match 
a  typical  launch  profile  of  760  torr  to  3  x  10  1  torr 
in  110  sec.  Figure  9  shows  the  exhaust  from  the 
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Fig.  8.  Cross  section  of  test  chamber 


Fig. 


9.  Steam 
vacuum 


exhaust  during  an  operational 
(pressure  profile)  test 
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steam  during  a  typical  profile  simulation.  The 
secondary  vacuum  system  consists  of  a  mechan¬ 
ical  holding  pump  which  permits  the  vacuum  in 
the  test  chamber  to  be  maintained  at  any  level 
down  to  3x10  1  torr  for  an  extended  period  of 
time.  The  steam  ejector  system  is  located  in 
the  utility  trench  shown  in  Fig.  7  with  the  main 
vacuum  valve  which  connects  to  a  24-in. -diam 
line.  This  line  is  routed  through  a  vacuum 
rotary  joint  at  the  center  of  rotation  and  runs 
out  the  arm  to  the  inboard  section  of  the  test 
chamber.  Total  system  volume  is  3400  cu  ft. 
This  does  not  include  the  end  cap  volume,  which 
is  evacuated  with  the  secondary  vacuum  system. 
The  end  cap,  which  houses  the  vibration  system, 
is  isolated  from  the  center  section  of  the  test 
chamber  by  a  flexible  seal  (boot)  because  of  the 
presence  of  hydraulic  fluid  and  other  spacecraft 
contaminants  present  in  the  vibration  system. 
The  operation  of  both  of  these  vacuum  systems 
is  controlled  from  a  central  control  complex 
adjacent  to  the  rotunda,  as  shown  in  Fig.  6. 
Curve -following  programmers  with  control 
transducers  located  in  both  the  test  chamber 
and  end  cap  are  used  for  the  control  of  the  pro¬ 
files  in  the  automatic  mode  of  operation. 

Acoustic  System 

The  acoustic  system  consists  of  a  noise 
generator,  an  impedance  matching  (exponential) 


horn,  and  an  acoustic  liner  and  termination  sec¬ 
tion  which  are  located  in  the  interior  of  the  test 
chamber  (Figs.  7  and  8).  The  electrohydrauli- 
caily  actuated  noise  generator  can  produce  an 
overall  SPL  of  150  db  rms  (re:  0.0002  pbar)  at 
760  torr  interior  to  liner  at  the  specimen  c.g. 
The  system  outputs  a  continuous  spectrum  from 
100  to  12,000  Hz,  which  is  flat  from  100  to  700 
Hz  with  a  roll-ofl  of  6  db/octave  above  200  Hz. 
The  acoustic  liner  is  sized  and  shaped  to  pro¬ 
duce  the  required  SPL  distribution  for  a  parti  - 
ular  spacecraft-shroud  configuration.  Delta- 
launched  spacecraft  require  a  liner  different 
from  that  for  Agena- launched  spacecraft.  Fig¬ 
ure  10  illustrates  a  view  looking  into  the  test 
chamber  (with  end  cap  removed)  depicting  the 
liner  used  for  acoustic  testing  of  Agena- 
launched  spacecraft.  This  view  does  not  show 
the  termination  section  because  it  is  attached 
to  the  support  table  located  in  the  end  cap.  The 
spectrum  Is  controlled  by  microphones  located 
inside  the  test  chamber  responding  to  a  pre¬ 
plotted  noise  level  distribution  in  the  control 
room  complex.  The  electrohydraulic  actuator 
operates  from  hydraulic  power  supplied  by  a 
system  located  in  the  pedestal  pit. 

Mechanical  Vibration  System 

The  vibration  system  consists  of  a  con¬ 
figuration  of  five  electrohydraulic  actuators 


Fig.  10.  End  view  of  LPS  showing  interior 
of  test  chamber  and  acoustic  liner 
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interconnected  with  two  •structural  tables,  which 
permits  the  three-degree-of-freedom  motion. 
This  system  is  completely  housed  in  the  end  cap 
structure,  except  for  the  hydraulic  power  supply 
which  is  located  in  the  pedestal  pit.  Hydraulic 
power  requirements  for  maximum  force  output 
with  simultaneous  motion  of  the  three  degrees 
of  freedom  is  105  gpm  at  3000  psi.  This  hy¬ 
draulic  power  supply  is  required  for  operation 
of  both  this  system  and  the  acoustic  noise  sys¬ 
tem;  however,  hydraulic  power  requirement  for 
the  latter  is  only  20  gpm  at  3000  psi.  The  hy¬ 
draulic  fluid  is  transferred  from  the  power  sup¬ 
ply  to  each  of  these  systems  through  the  hydrau¬ 
lic  rotary  valve  at  the  center  of  rotation  and  out 
the  arm  through  piping  to  the  respective  systems. 

The  vibrators  can  be  operated  either  on  the 
centrifuge  arm  together  with  the  other  environ¬ 
mental  systems  or  by  itself  on  the  seismic 
mass,  as  shown  in  Fig.  6.  The  degrees  of  free¬ 
dom  (longitudinal,  lateral,  and  pitch)  can  be  ob¬ 
tained  with  this  system  in  either  orientation; 
the  only  difference  is  that  on  the  centrifuge  arm 
all  motion  is  in  the  horizontal  plane,  whereas 
on  the  seismic  mass  all  motion  is  in  the  verti¬ 
cal  plane. 

From  Fig.  10,  the  multiaxis  motion  of  this 
system  on  the  centrifuge  arm  is  as  follows:  (a) 
longitudinal  is  motion  along  the  x  axis  or  thrust 
axis  (longitudinal  axis  of  test  chamber);  (b)  lat¬ 
eral  is  rectilinear  motion  along  the  z  axis;  and 


(c)  pitch  is  rotary  motion  in  the  horizontal  (x-z) 
plane  about  the  vertical  (y)  axis.  The  motions 
for  the  system  when  oriented  on  the  seismic 
mass  are  identical  except  that  the*  are  in  the 
vertical  plane  rather  than  the  horizontal  plane. 
Explanation  of  the  motion  capability  requires  a 
description  <rf  the  shake  table  arrangements: 
four  actuators  are  mounted  90  deg  apart  on  the 
periphery  erf  the  interior  of  the  end  cap  struc¬ 
ture.  A  table  designated  as  the  lower  vibration 
table  is  attached  to  the  moving  elements  (pis¬ 
tons)  of  these  actuators.  When  these  four  ac¬ 
tuators  are  operating  in  phase,  longitudinal  or 
thrusting  motion  is  produced.  When  the  two 
primary  actuators  of  this  system  are  operating 
180  deg  out  of  phase,  pitching  motio  ,s  pro¬ 
duced.  An  upper  vibration  table  st:  cture  is 
mounted  to  the  lower  vibration  table  through  a 
series  of  hydrostatic  bearings  and  moves  rela¬ 
tive  to  the  lower  table  by  virtue  of  imposed 
motion  from  the  fifth  actuator  located  in  the 
lower  table  structure.  Figure  11  depicts  the 
end  cap  (on  the  seismic  mass)  with  the  lower 
vibration  table  being  lowered  into  place  and 
shows  coordinate  system  with  x  axis  vertical 
for  this  orientation.  Shown  in  Fig.  12  is  the 
end  cap  with  lower  vibration  removed  and  upper 
vibration  table  adjacent  to  end  cap.  Note  the 
vacuum  seal  (or  boot)  attached  to  the  upper 
table  structure.  The  vibration  system  can  be 
operated  either  manually  or  automatically  from 
the  control  room  complex.  Automatic  operation 
is  controlled  by  magnetic  tape  signals. 


Fig.  11. 
lower 


End  cap  on  seismic  mass  showing 
vibration  table  during  assembly 
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Fig.  12.  View  looking  down  on  end  cap 
with  table  removed 
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Controls  and  Instrumentation 

The  operation  ol  the  LPS  facility  and  all  its 
subsystems  is  completely  controlled  from  a  cen¬ 
tral  complex  designated  as  the  control  room  in 
Fig.  6.  During  a  combined-environment  test, 
each  of  the  environmental  systems  is  manned  by 
an  operator.  The  control  conception  includes  a 
master  control  programming  console  (MCPC) 
which  permits  the  test  to  be  under  the  cognizance 
of  one  individual,  who  can  override  the  control 
of  any  of  the  environmental  systems  at  any  time 
during  a  test.  Figure  13  presents  the  LPS  con¬ 
trol  conception  for  a  typical  test.  The  status 
display  board,  which  is  illustrated  in  Fig.  14  in 
an  overall  view  of  the  control  room,  provides  a 
visual  indication  of  both  system  and  equipment 
status  prior  to  and  during  all  tests.  The  space¬ 
craft  monitor  shown  in  Fig.  13  monitors  the  re¬ 
sponse  of  the  spacecraft  during  the  complete 
test  operation.  He  has  a  direct  link  to  the  mas¬ 
ter  control  operator  and  can  abort  the  test 
(through  this  operator)  at  any  time.  Audio  com¬ 
munication  is  employed  between  the  control  sta¬ 
tions  represented  in  Fig.  13  and  any  other  areas 
deemed  necessary  for  a  particular  test.  For 
visual  monitoring  during  a  test,  there  is  a  video 
system  consisting  of  four  closed-circuit  TV 
cameras  and  two  TV  monitors.  The  cameras 
are  strategically  located  to  monitor  both  the 


Fig.  13.  LPS  control  conception 


LPS  system  and  also  the  spacecraft  which  is 
located  in  the  test  chamber.  Figure  14  shows 
the  TV  monitors  on  the  MCPC,  which  are  moni¬ 
tored  continuously  during  a  test.  Safety  inter¬ 
locks  for  both  personnel  and  equipment  are 
provided  in  the  control  conception  and  will  not 
permit  any  system  and/or  component  operation 
if  condition  is  not  "go."  For  example,  if  one  of 
the  personnel  doors  to  the  rotunda  is  not  locked, 
the  controls  for  the  drive  system  cannot  be  op¬ 
erated.  Similarly,  if  someone  is  inadvertently 
left  in  the  equipment  trench,  pit,  or  rotunda 
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Fig.  14.  LPS  control  room  complex  during  operational  test 


during  a  test,  "panic"  butt'  ns  located  in  these 
areas  will  halt  all  operations  when  depressed. 

Any  facility  as  sophisticated  and  complex 
as  the  LPS  is  of  little  or  no  value  if  not  pro¬ 
vided  with  an  adequate  data  monitoring  or  in¬ 
strumentation  system.  Therefore,  plans  were 
initiated  early  in  the  program  to  procure  an 
instrumentation  system  which  would  comple¬ 
ment  the  facility  operation.  The-  LPS  instru¬ 
ment  ition  system  [4 J  provides  for  the  acquisi¬ 
tion  and  recording  of  24  channels  of  static  data 
and  56  channels  of  dynamic  data  with  growth 
capability  of  static  instrumentation  to  48  chan¬ 
nels.  These  data  may  be  recorded  on  either 
oscillograph  or  magnetic  tape  for  permanent 
record.  This  system  operates  in  conjunction 
with  slip  ring  modules  at  the  center  cl  rotation 
(of  the  centrifuge  arm)  which  number  650  in¬ 
strumentation  rings  and  150  control  rings. 
During  an  operational  test,  data  are  recorded 
on  the  rotating  structure  (generally  inside  test 
chamber)  and  then  amplified  by  conditioning 
equipment  located  at  the  center  of  rotation. 
From  here,  the  signals  are  transmitted  through 
the  slip  rings  to  thp  recording  equipment  lo¬ 
cated  in  the  control  room,  shown  in  Fig.  14. 
Instrumentation  access  to  the  vacuum  tight  test 
chamber  is  made  possible  by  instrumentation 
penetration  plates  fitted  with  electrical  con¬ 
nectors.  These  connectors  mate  the  cables  on 
the  exterior  of  the  chamber  to  the  cables  inside 


the  chamber,  which  are  routed  to  transducers, 
strain  gages,  thermocouples,  etc.  Figure  15 
shows  the  cables  and  penetration  plates  in  a 
closeup  view  of  the  test  chamber. 


OPERATIONAL  PROCEDURE 

The  operation  of  the  facility  during  a  test 
has  been  given  something  of  a  cursory  treat¬ 
ment  above.  Some  very  important  factors  in 
the  overall  operational  conception  were  not 
discussed.  These  items  include  handling  and 
loading  procedures  and  safety  precautions,  just 
to  mention  a  few.  To  explain  the  entire  opera 
tion,  an  explanation  of  the  sequence  of  events 
for  both  preparating  and  conducting  the  test  is 
necessary. 

The  spacecraft  or  specimen  is  delivered  to 
the  high  bay  area  of  the  building  complex  and 
mounted  on  the  end  cap,  which  is  resting  on  the 
seismic  mass.  (Reference  should  be  made  to 
Fig.  6  for  complete  understanding  of  this  opera¬ 
tion.)  The  spacecraft  is  then  instrumented  and 
prepared  for  the  sequence  of  tasting.  At  this 
point,  the  end-cap-spacecraft  assembly  is 
transported  from  the  seismic  mass  in  the  high 
bay  area  into  the  rotunda  and  mounted  to  the 
test  chamber  structure.  This  transportation 
operation  is  accomplished  with  the  LPS  loading 
vehicle,  which  is  shown  in  Fig.  18  approaching 
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the  test  chamber  with  a  prototype  model  of  the 
Applications  Technology  Satellite  (ATS).  The 
vehicle,  fascinating  system  in  itself,  is  self- 
propelled  and  has  six-degree -of -freedom  capa¬ 
bility,  i.e.,  three  translational  and  three  rota¬ 
tional  modes  of  motion.  Mounting  plates  on  the 
vehicle  are  used  to  attach  to  the  end  cap;  the 
end  cap  is  then  lifted  and  pitched  from  the  ver¬ 
tical  to  the  horizontal  position.  Figure  16  illus¬ 
trates  the  pitching  operation.  Once  the  end- cap- 
spacecraft  assembly  is  in  the  horizontal  position, 
the  vehicle  is  then  driven  into  the  rotunda  for  the 
mating  operation  of  the  eud  cap  to  the  test  cham¬ 
ber.  Figure  17  shows  the  ATS  prototype  space¬ 
craft  during  the  final  phase  of  the  loading  oper¬ 
ation.  After  the  end  cap  has  been  secured  to 
the  test  chamber,  all  systems  are  readied  for 
the  operational  test(s). 

The  actual  conducting  of  the  tests  was  cov¬ 
ered,  in  general,  under  the  preceding  section. 

For  all  tests,  including  the  sustained  accelera¬ 
tion  environment,  the  loading  vehicle  is  detached 
from  the  end  cap,  and  the  rotunda  doors  are 


closed  and  pneumatic  seals  are  activated  to 
prevent  lose  of  air  from  the  rotunda  during 
centrifuge  rotation.  This  procedure  is  followed 
for  both  personnel  and  equipment  safety  and 
also  for  aerodynamic  drag  reasons.  In  addi¬ 
tion,  for  all  tests,  the  rotunda  and  the  high  bay 
area  (Fig.  6)  are  restricted  areas,  and,  in  most 
cases,  personnel  access  is  prohibited.  All  op¬ 
erations  are  performed  from  the  control  room 
where  visual  observation  of  the  facility  and 
spacecraft  is  available  through  the  closed- 
circuit  TV  system.  As  a  rule,  all  tests  are 
conducted  in  the  programmed  or  automatic  mode 
because  of  the  sequence  of  events  of  the  combi¬ 
nations  of  environments  and  also  the  short  dura¬ 
tion  of  the  test,  i.e.,  real-time  simulation.  After 
completion  of  a  test,  the  reverse  procedure  for 
removal  of  the  end  cap  from  the  test  chamber 
is  used.  In  other  words,  the  vehicle  is  attached 
to  the  end  cap,  which  is  then  removed  from  the 
test  chamber  structure.  The  end-cap-spacecraft 
assembly  is  then  transported  into  the  high  bay 
area,  pitched  into  the  vertical  position,  and  then 
placed  on  the  seismic  mass. 


Fig.  17.  Placement  of  ATS-A  prototype 
spacecraft  into  lest  chamber 
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SPACECRAFT  TESTS 

The  LPS  has  been  an  operational  test  fact)  - 
tty  for  only  about  one  year.  However,  tn  this 
time,  the  usage  rate  has  been  quite  high.  Tab.e 
1  presents  a  summary  of  ihe  tests  conducted  to 
date,  /ill  of  the  tests  listed  were  made  in  sup¬ 
port  of  flight  program  projects,  except  for  the 
Agena  shroud  testing,  which  was  conducted  un¬ 
der  a  research  task.  The  combined  environ¬ 
mental  tests  to  date  have  been  combinations  of 
vacuum  (pressure  profile)  and  acoustics;  how¬ 
ever,  the  combination  of  these  together  with 
profiled  acceleration  have  been  conducted  on 
nonflight-program-type  hardware.  Prior  to 
completion  of  the  LPS,  it  was  anticipated  that 
the  sustained  acceleration  (centrifuge)  environ¬ 
ment  would  be  used  more  frequently  than  the 
other  environmental  systems.  This  is  verified 
to  some  extent  in  Table  1.  As  a  result,  plans 
were  developed  early  in  the  design  phase  of  the 
facility  to  design  and  fabricate  an  end  cap  whicn 
could  be  used  for  acceleration  testing  only. 
Logistical  advantages  are: 

1.  The  combined  environment  end  cap 
could  be  used  for  vibration  testing  on  the  seis¬ 
mic  mass  during  the  came  time  that  the  accel¬ 
eration  end  cap  was  being  employed  for  centri¬ 
fuge  testing. 


2.  Spacecraft  preparation  could  be  per- 
foimed  on  the  combined  environment  end  cap 
while  the  acceleration  end  cap  was  in  use. 

Figure  18  shows  the  acceleration  end  cap  during 
loading  operations  for  acceleration  testing  of  an 
engineering  model  of  the  Intematicial  Satellite 
for  Ionospheric  Studies  (ISIS). 

The  first  combined-environment  flight  pro¬ 
gram  test  was  performed  on  the  ATS  prototype 
spacecraft  (5 j,  which  is  shown  in  Figs.  16  and 
17  during  the  loading  operation  prior  tc  the  test. 
This  test  was  a  combined  acoustic-  ac uurr  test 
conducted  in  real  time  to  evaluate  spacecraft 
response  to  the  launch  conditions  for  U\_-se  en¬ 
vironments.  Figure  19  presents  the  test  speci¬ 
fication  levels  with  the  actual  test  chamber  con¬ 
ditions  monitored  during  the  test.  In  general, 
the  simulated  environments  closely  approxi¬ 
mated  the  launch  environmental  specifications. 
Other  combined  acoustic-vacuum  tests  are  de¬ 
scribed  in  Table  1.  Figure  20  illustrates  the 
Goddard  Experiment  Package  (GEP)  prototype 
model  during  preparation  for  a  pressure  profile 
test.  This  experiment  is  a  largo  telescope 
package  for  the  Orbiting  Astronumical  Observa¬ 
tory  (OAO)  spacecraft.  It  was  tested  under  the 
dp/dt  launch  pressure  profile  conditions  pri¬ 
marily  to  ascertain  the  venting  characteristics 


TABLE  1 

Launch  Phase  Simulator  Tests 


Item 

Test 

r 

Acceleration 
Level  (g) 

Test  Date 

A-IMP-E  engineering  spacecraft 

Acceleration 

29.0 

Nov.  16,  1966 
Mar.  3,  1967 

ISIS-A  engineering  spacecraft 

Acceleration 

17.0 

Dec.  13,  1966 

IMP-F  prototype  spacecraft 

Acceleration 

36.5 

Feb.  1,  1967 

OSQ-E  pointed  experiment 

Acceleration 

21.0 

Feb.  8,  1967 

Agena  shroud 

Acoustic 

- 

Feb.  17,  1967 

ATS-A  prototype  spacecraft 

Vacuum  and  Acoustic 

- 

Mar.  16,  1967 

OAO  3  -  bay  model 

Vacuum 

- 

Mar.  30,  1967 

SAO  telescope  assembly 

Acceleration 

11.5  &  3.8 

May  3,  1967 

RAE  spacecraft  E.T.U. 

Vacuum  and  Acoustic 

July  25,  1967 

OAO-GEP  prototype  experiment 

Vacuum 

- 

July  29,  1967 

Nimbus-D  prototype  experiment 

Acceleration 

30.0 

Aug.  7,  1967 

ATS  structural  model 

Acceleration 

10.6 

Oct.  5,  1967 
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Fig.  18.  1SIS-A  structural  model  during  loading  operation 
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Fig.  19.  Acoustic  -  venting  data  for  ATS- A  prototype  spacecraft 
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Fig.  20.  OAO-GEP  prototype  in  vertical 
position  during  loading  operation 


of  insulation-type  blankets  and  material.  The 
other  tests  listed  in  Table  1  were  similar  in 
nature  to  the  ones  covered  here  and,  conse¬ 
quently,  are  not  discussed  any  further. 


DESIGH  PHILOSOPHY  AND 
BACKGROUND  RESEARCH 

The  basic  philosophy  adopted  during  the 
design  and  development  of  the  LPS  was  that  of 
providing  an  advanced  combined-environment 
facility  that  could  readily  lend  itself  to  future 
growth  capability.  Of  course,  this  philosophy 
is  quite  obvious  since  experience  has  shown 
that  many  facilities  were  usually  obsolete  a 
relatively  short  time  after  they  became  opera¬ 
tional.  Specifically  some  of  the  components  or 
subsystems  which  may  be  added  or  modified  t<~ 
permit  increased  environmental  capabilities  for 
the  LPS  are  described. 

1.  The  test  chamber,  which  was  sized  for 
the  OAO  (or  second  generation)  class  sp"^ 
craft,  can  be  removed  at  the  attachment  to  the 
truss  structure  and  replaced  by  a  larger  cham¬ 
ber  that  can  accommodate  the  Voyager  (or  third 
generation)  class. 


2.  An  additional  two  dc  drive  motors  can 
be  added  to  the  present  two  to  increase  not  only 
sustained  acceleration  capabilities,  but  also 
onset  (acceleration)  and  deceleration  rates. 

3.  The  complete  rotating  structure  was 
designed  with  a  factor  of  safety  of  2.5  based  on 
material  yield  points  for  all  loading  conditions 
encountered  under  normal  operation  of  all  sys¬ 
tems  described  here.  However,  the  centrifuge 
was  designed  to  operate  alone  at  48  rpm  (50  g 
at  spacecraft  c.g.)  with  a  factor  of  safety  of  1.5. 
Use  of  this  capability  has  already  been  made, 
as  verified  by  the  sustained  acceleration  test  at 
36.5  g  of  the  prototype  model  of  the  Inter¬ 
planetary  Monitoring  Platform  (IMP)  space¬ 
craft  (see  Table  1). 

4.  The  data  acquisition  and  recording  sys¬ 
tem  was  designed  with  growth  capability  for 
additional  channels  of  both  static  and  dynamic 
data.  In  conjunction  with  this,  the  650  instru¬ 
mentation  slip  rings  are  more  than  enough  for 
increased  future  instrumentation  requirements. 

Considerable  experimental  and  theoretical 
research  was  carried  out  in  support  of  the  de¬ 
sign  of  the  LPS.  Some  of  the  more  significant 
programs  were: 
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1.  Aerodynamic  model  studies 

2.  Dynamic  model  studies 

3.  Hydraulic  shaker  development 

4.  Theoretical  dynamics  analyses 

The  aerodynamic  model  studies  (6)  were  con¬ 
ducted  early  in  the  program  to  determine  torque 
requirements  lor  sizing  the  drive  motors  and 
also  to  aid  in  determining  the  size  and  shape  of 
the  simulator  enclosu'e.  The  dynamic  model 
investigations  [7]  served  as  a  tool  in  the  design 
of  the  facility  and  provided  such  data  as  natural 
frequencies,  mode  shapes,  tvansmissibilities, 
and  damping  coefficients  for  the  major  modes 
of  vibration.  In  particular,  detailed  investiga¬ 
tions  were  made  in  regard  to  possible  flutter 
and  oscillating  conditions  induced  by  a  combi¬ 
nation  of  loads  resulting  from  centrifuge  arm 
rotation  and  vibration  system  operation  at  the 
same  time.  Much  effort  was  devoted  to  devel¬ 
oping  a  small  combined  environmental  facility 
[8]  consisting  of  a  5000- lb  electrohydrauiic 
shaker  operating  on  a  20-ft-diam  centrifuge. 
Results  and  experience  from  this  program,  to¬ 
gether  with  research  effort  in  a  two-degree- of  - 
freedom  hydraulic  shaker  system,  aided  to  a 
great  extent  the  development  and  design  of  the 
LPS  three-degree-of-freedom  vibration  system. 
Of  course,  numerous  theoretical  and  analytical 
studies  were  conducted  ir.  the  program.  A  com¬ 
plete  systems  loads  and  response  analysis  was 
conducted  in  conjunction  with  the  experimental 
dynamic  model  program,  and  the  respective  re¬ 
sults  were  in  very  close  agreement.  Also,  ex¬ 
tensive  theoretical  studies  were  conducted  in 
the  design  of  the  X-type  azimuth  bearing.  These 
investigations  were  also  perfoimed  in  conjunc¬ 
tion  with  the  dynamic  model  program. 


CONCLUSIONS 

The  LPS  completely  covers  in  a  single  ex¬ 
posure  the  major  launch  environmental  condi¬ 
tions,  i.e  ,  steady  or  sustained  acceleration, 
acoustic  noise,  altitude  variation  (pressure), 
and  mechanical  vibration.  These  systems  can 
reproduce  the  actual  launch  environment  condi¬ 
tions  in  real  time  and  can  be  operated  in  the 
programmed  (automatic)  or  manual  mode.  The 
facility  can  accommodate  the  observatory  or 
second  generation  class  of  spacecraft  that  weighs 
up  to  aOOO  lb  and  can  be  defined  in  a  cylindrical 
envelope  10  ft  in  diameter  and  15  ft  long. 

Test  experience  with  the  LPS  has  verified 
to  some  degree  the  advantages  of  combined- 
environment  testing  over  a  combination  of  sin¬ 
gle  environment  tests.  These  advantages  can 
be  summarized  in  two  general  categories:  (a) 
This  improved  simulation  permits  more  thorough 
evaluation  of  design  features  necessary  to  insure 
reliability  of  spacecraft  under  launch  conditions; 
it  also  aids  in  reducing  overdesign  for  rugged¬ 
ness  at  the  expense  of  effective  spacecraft  weight 
without  increasing  the  risk  of  underdesign  and 
resultant  failure,  (b)  The  LPS  serves  as  a  val¬ 
uable  research  tool,  long  desired  by  the  envi¬ 
ronmental  engineer,  as  a  replacement  for  the 
cumberson  and  costly  launch  simulations  such 
as  sled  tracx  or  flight  test.  A  considerable  time 
savings  for  test  support  is  also  realized.  In 
other  words,  only  one  test  setup  has  to  be  made 
for  testing  on  the  LPS,  whereas  separate  prepa¬ 
rations  are  required  when  testing  under  indi¬ 
vidual  environments. 

Cf  course,  facilities  like  the  LPS  will  not 
make  the  present  single  environment  tests  ob¬ 
solete;  however,  they  should  help  put  environ¬ 
mental  testing  on  a  more  scientific  basis  and 
thus  help  to  increase  spacecraft  reliability  and 
efficiency  of  design. 
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DEVELOPMENT  OF  SIMULATED  AIRCRAFT 


DELIVERY  USING  A  ROCKET  SLED* 


William  R.  Kampfe  and  K.  M  Timmerman 
Sandia  Corporation 
Albuquerque,  New  Mexico 


- , 

At  Sandia  Corporation's  rocket  sled  test  track  facility,  tests  are  being  conducted  that  simulate  I 
aircraft  delivery  of  a  wide  "ariety  of  systems.  The  device  being  tested  is  attached  to  a  rocket  | 
sled  and  accelerated  to  the  test  velocity,  where  it  is  then  ejected  from  th  :•  rocket  sled  into  a  j 
ballistic  trajectory  that  results  in  the  simulated  aircraft  delivery.  This  simulated  aircraft  de¬ 
livery  testing  technique  has  been  developed  in  essentially  three  stages  using  four  different  sled 
designs  over  the  past  five  years.  Having  begun  with  aircraft-type  ejection  racks  on  tower 
sleds,  the  technique  has  been  continuously  improved  to  meet  the  ever-changing  requirements 
for  aircraft-delivered  systems.  Present  ejector  sleds  have  built-in  air  actuators  for  ballistic 
trajectory  capabilities  well  beyond  the  earlier  tower  sleds. 

Simulating  aircraft  delivery  by  rocket  sleds  has  numerous  advantages,  (a)  a  high  degree  of 
ballistic  accuracy  and  repeatability,  achievable  under  the  controlled  semilaboratory  conditions 
of  the  rocket  sled  track,  (b)  excellent  photographic  and  ballistic  data,  obtainable  because  of  the 
accuracy;  (c)  temperature  preconditioning  of  test  units  until  immediately  prior  to  launch. 

(d)  ease  of  scheduling,  as  track  time  is  more  readily  available  than  aircraft  tune.  \e )  lower 
cost. 

Development  of  this  technique,  present  capabilities,  and  plans  for  improved  trajectory  instru¬ 
mentation  are  discussed.  A  photometric  ballistic  range  was  installed  in  conjunction  with  the 
rocket  sled  track  for  recording  trajectory  data.  In  the  near  future,  a  laser  tracking  system, 
now  under  development  by  Sylvania,  will  replace  this  ballistic  range  for  more  flexible  and 
automated  trajectory  data  gathering. 


INTRODUCTION 

At  Sandia  Corporation's  rocket  sled  test 
track  facility,  tests  are  being  conducted  that 
simulate  aircraft  delivery  of  a  variety  of  sys¬ 
tems.  The  device  being  tested  is  attached  to  a 
rocket  sled  and  accelerated  to  the  test  velocity, 
where  it  is  then  ejected  from  the  rocket  sled 
into  a  ballistic  trajectory  that  results  in  the 
simulated  aircraft  delivery. 

The  development  of  this  technique  grew  out 
of  an  original  requirement  that  called  for  the 
impacting  of  a  weapon  system  at  a  low  angle 
onto  a  horizontal  target  under  closely  controlled 
conditions  to  permit  detailed  high-speed  motion 
picture  photography  of  the  resultant  weapon  re¬ 
sponse.  Actual  delivery  by  aircraft  was  consid- 
ereo;  however,  aircraft  are  not  capable  of  the 
extremely  accurate  deliveries  that  are  required 
for  the  placing  of  a  weapon  in  the  immediate 
field  of  view  for  close-up,  detailed  motion  pic¬ 
tures.  fn  addition,  aircraft  delivery  is  an 


expensive  way  to  conduct  this  type  of  study. 
Other  available  test  fac.lities  were  screened, 
but  the  desired  impact  velocity  conditions  were 
beyond  their  capabilities. 

Rocket  sleds  have  been  used,  for  some 
time,  for  impact  testing  at  nigh  velocities.  Up 
to  this  t..ne,  however,  rocket  sleds  have  had 
only  the  capability  of  generating  a  horizontal 
component  of  velocity.  These  lay-oown  impact 
test  requirements  called  for  the  weapon  to  have 
a  vertical  component  of  velocity  also. 


TOWER  ROCKET  SLED  WITH 
EJECTION  RACK 

Since  this  test  series  called  for  only  a  lim¬ 
ited  number  of  lests  at  the  same  conditions,  a 
simple  solution  was  sought  using  a  rocket  sled. 
A  10-foot-higli  tower  rocket  sled  was  designed 
to  carry  the  weapon.  The  sled  was  constructed 
of  steei  tubing  in  an  A-frame  design  to  allow  the 
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weapon  to  be  suspended  frt  m  the  top  of  the 
frame  in  an  Aero  7A  aircraft  ejection  rack 
(Fig.  1).  Since  this  rack  was  designed  for  use 
on  aircraft,  it  only  had  7500  It -lb  of  ejection 
energy  The  combined  velocity  resulting  from 
the  10-ft  sled  drop  height  and  the  downward 
ejection  velocity  still  did  not  provide  the  neces¬ 
sary  component  of  vertical  velocity.  A  15-ft 
pit,  dug  immediately  off  of  the  end  of  the  track, 
provided  the  necessary  additional  drop  height 
for  generating  the  required  vertical  velocity 
component.  The  sled  was  launched  to  the  de~ 
sired  horizontal  velocity,  at  which  time  the  unit 
was  ejected  downward  through  the  sled  frame. 
The  ejection  point  was  selected  to  allow  the 
sled  tc  be  stopped  on  the  track,  but  still  permit 
the  unit  to  clear  the  end  of  the  track  and  con¬ 
tinue  into  the  target  pit. 


74  £.tcro* 


Fig.  1.  Ten-foot  steel  tower  sled 
with  Aero  7A  ejection  rack  in 
downward  position 


This  original  technique  proved  very  suc¬ 
cessful  from  the  standpoint  of  accuracy.  The 
impact  point  was  highly  predictable  and  the  de¬ 
sired  conditions  readily  obtainable.  Therefore, 
after  an  original  series  of  eight  tests,  there  was 
a  considerable  amount  of  interest  in  investigat¬ 
ing  the  further  potential  of  this  system. 

The  original  tests  had  been  conducted  on  a 
parachute-retarded  weapon  system,  For  this 
original  series,  however,  the  parachute  was  left 
out  of  the  weipon  and  the  impact  velocities  were 
controlled  to  match  the  conditions  resulting 
from  the  use  of  the  parachute.  A  more  desir¬ 
able  test  would  be  one  that  allowed  for  including 


the  effects  of  the  parachute.  It  wou.d  require  a 
higher  sled  velocity  and  a  longer  time  of  flight 
to  deploy  the  parachute  completely.  The  addi¬ 
tional  delivery  velocity  would  be  necessary  to 
overcome  the  effects  of  the  parachute  on  the 
ballistic  trajectory,  as  the  resultant  impact  ve¬ 
locity  had  to  be  the  same  as  on  the  earlier  tests 
where  the  parachute  had  been  neglected. 

The  increased  velocity  could  be  achieved 
solely  by  Increasing  the  sled  velocity,  since  the 
test  trajectory  was  predominantly  flat.  The  in¬ 
creased  flight  time  was  achieved  by  mounting 
the  Aero  7A  ejection  rack  inverted  on  the  sled 
and  ejecting  the  weapon  upward  (Fig.  2).  Al¬ 
though  the  resultant  vertical  velocity  would  be 
the  same  as  in  the  first  case,  when  the  unit  was 
ejected  down,  the  ballistic  trajectory  was  length¬ 
ened  by  imparting  the  ejection  energy  upward, 
thereby  allowing  for  enough  time  to  deploy  the 
parachute  completely.  The  effect  of  the  para¬ 
chute  upon  the  vertical  velocity  was  slight  be¬ 
cause  of  the  flatness  of  the  trajectory. 


Fig.  Z.  Ten-foot  steel  tower  sled 
with  Aero  7A  ejection  rack  in 
upward  position 


AIR-POWERED  EJECTOR  SLED 

The  original  tests  conducted  using  this 
technique  were  concentrated  within  a  narrow 
band  of  requirements  for  structural  evaluations 
only.  As  the  numbm  of  tests  increased,  how¬ 
ever,  the  advantages  of  conducting  aircraft 
simulated  tests  from  rocket  sleds  under  semi¬ 
laboratory  conditions  became  more  apparent. 
As  a  result,  the  test  requirements  increased. 
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requiring  an  increase  in  the  capabilities  of  the 
rocket  sleds.  Air-powered  ejection  systems 
replaced  the  aircraft  ejection  racks  to  provide 
greater  ejection  energy.  The  rocket  sled  ve¬ 
locity  was  continually  increased  until  it  reached 
the  maximum  capabilities  of  existing  equipment. 

Up  to  this  point,  the  rocket  sled  aircraft 
simulation  technique  had  developed  by  a  process 
of  evolution  to  meet  new  requirements  as  they 
occurred.  Continued  interest  in  this  type  of 
testing  prompted  the  development  of  a  new  test¬ 
ing  capability  to  meet  the  complete  range  of 
conditions  associated  with  aircraft-delivered 
systems.  This  required  the  development  of  a 
new  sled  system  capable  of  delivery  velocities 
up  to  Mach  1.6.  This  provided  the  necessary 
range  of  dynamic  pressures  that  were  required 
to  make  aerodynamic  studies  as  well  as  studies 
associated  strictly  with  the  structural  response 
of  a  weapon  impacting  a  target. 

The  new  sled  was  designed  and  built  to  in¬ 
corporate  a  complete  air  actuator.  The  actua¬ 
tor  cylinder,  the  high  pressure  reservoir  for 
powering  the  actuator  piston,  and  the  cushion 
reservoir  for  stopping  the  actuator  piston  after 
the  power  stroke  were  all  built  into  the  sled's 
structural  members  (Fig.  3).  The  actuator  cyl¬ 
inder  has  a  5.5 -in.  I.D.  and  is  capable  of  gener¬ 
ating  120,000  ft-lb  of  energy.  It  is  sandwiched 
between  the  water  brake  scoop  and  the  rocket 
thrust  plate,  acting  as  the  structural  support 
member  for  both  the  rocket  thrust  and  water 
brake  sled  recovery  forces  (Fig.  4).  The  four 
lower  members  that  meet  at  the  base  of  the 
actuator  cylinder,  along  with  the  member  run¬ 
ning  laterally  across  the  sled  between  the  front 
shoes,  are  connected  through  manifolds  and 
make  up  the  high  pressure  reservoir  for  the 
fire  pressure  (Fig.  3).  They  can  be  pressur¬ 
ized  to  a  safe  working  pressure  of  2500  psi 
through  the  filler  valve  on  the  left  front  of  the 
sled  (Fig.  3).  The  two  front  smaller  tubes  ex¬ 
tending  from  the  front  shoes  up  to  the  top  of  the 
cylinder,  along  with  the  volume  above  the  pis¬ 
ton  in  the  cylinder,  serve  as  a  cushion  reservoir 
for  stopping  the  piston  after  the  test  item  has 
been  ejected  (Fig.  3).  This  cushion  volume  has 
a  maximum  sale  working  pressure  of  3000  psi. 
The  piston  is  designed  so  that  the  fire  pressure 
is  originally  acting  only  on  the  circumferential 
area  of  the  piston  and  there  is  no  fire  pressure 
acting  on  its  base  (Fig.  5)  until  after  the  explo¬ 
sive  valve  (Fig.  4)  is  triggered.  The  explosive 
valve  is  initiated  by  a  28-v  electrical  pulse  that 
is  picked  up  at  the  desired  point  of  ejection 
from  a  trackside  power  source  by  the  two  knife 
blades  shown  in  Fig.  3.  Ti  iggering  the  explo¬ 
sive  valve  allows  the  lire  pressure  to  act  on 
the  base  of  the  piston  through  the  trigger  line 


inlet,  causing  a-*  unbalance  of  pressure  and 
forcing  the  piston  to  move  upward  releasing  the 
lower  O-ring  seal  (Fig.  5).  When  the  lowi  ;• 
O-ring  seal  is  broken,  the  entire  volume  of  fire 
pressure  acts  on  the  base  of  the  piston.  For 
safety  reasons,  the  trigger  line  has  a  l/16-in.- 
diam  hole  drilled  into  it  so  that  if,  for  some 
reason,  the  lower  O-ring  on  the  piston  has  a 
small  leak,  pressure  coo  id  not  build  up  in  this 
line  and  cause  the  actuator  to  fire  prematurely. 
The  same  air  pressure  that  triggers  the  actua¬ 
tor  piston  through  the  explosive  valve  is  sup¬ 
plied  to  the  twe  pneumatically  actuated  lug 
latches  shown  •  Fig.  4.  By  this  means,  the 
test  item  is  released  and  ejected  from  the  sled 
simultaneously,  using  only  one  explosive  valve. 
This  valve  can  be  reused  by  the  installation  of 
a  replacement  kit. 


PRESENT  CAPABILITIES 

The  pneumatically  actuated  lug  latches  are 
spaced  30  in.  apart  to  accommodate  most  test 
items  and  have  adjustments  of  t0.25  in.  so  that 
the  test  item  c.g.  can  be  placed  directly  over 
the  ejector  or  actuator  thrust  column.  Because 
every  effort  was  made  to  make  multiple  use  of 
the  sled's  structural  members  and  the  sled 
height  was  kept  to  2.5  ft  above  the  rail,  this 
sW  only  weighs  730  lb.  This  sled  can  aceorn- 
i  date  10  5-in-diam  rocket  motors.  The  num¬ 
ber  of  rocket  motors  is  verted  to  give  the  re¬ 
quired  sled  velocity.  The  s*ed  is  rt covered 
with  the  water  brake,  which  is  a  combination 
probe  and  vertical  momentum  exchange  brake, 
capable  of  developing  in  excess  of  100,000  lb  of 
braking  force.  This  sled  has  been  successfully 
stopped  from  a  velocity  of  1750  fps  in  less  than 
700  ft  of  track. 

To  date,  this  sled  has  been  used  for  approx¬ 
imately  150  tests;  one  of  its  greatest  accom¬ 
plishments  has  been  to  accelerate  a  2000-lb 
test  item  to  1240  fps  and  then  eject  it  60  ft 
vertically.  Also,  600-lb  test  items  have  boon 
accelerated  to  1650  fps  and  then  ejected  75  ft 
vertically. 

In  August  1966,  Sandia’s  new  5000-ft  track 
was  completed.  Since  the  gage  of  the  new  track 
is  22  in.  as  compared  to  56.5  in.  for  the  old 
track,  a  new  ejector  sled,  which  is  essentially 
the  same  as  the  preceding  ejector  sled  with  only 
minor  changes  (Fig.  6).  was  designed  and  built 
The  fire  reservoir  volume  was  doubled;  and  the 
ejector  cylinder  is  removable  so  that  cylinders 
of  different  diameters  can  be  used.  With  the 
added  fire  volume,  160.000  it -lb  of  ejection  en¬ 
ergy  can  be  developed.  The  pneumatic  lug 
latches  are  adjustable  to  any  jxisition  atop  the 
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Fig.  3.  Ejector  sled  with  built-in  actuator 


Fig.  4.  Ejector  sled  with  built-in  actuator 
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sit'd,  giving  more  flexibility  for  a.  aching  test 
items  which  may  have  lug  spacing  difierent 
from  the  standard  30  in.  This  additional  lug 
adjustability  also  allows  for  last-minute  ad¬ 
justment  of  the  lug  latches  to  move  the  c.g.  over 
the  thrust  column  if  the  c.g.  of  the  test  item  is 
not  where  expected.  With  this  new  ejector  sled 
on  the  new  track,  a  2000 -lb  test  item  can  be  ac¬ 
celerated  to  1620  fps  and  then  ejected  80  ft 
vertically 

Along  with  the  new  requirements  that 
prompted  the  building  of  the  new  ejector  sleds, 
temperature  preconditioning  requirements  from 
-65°F  to  +275°F  had  to  be  met.  These  precon¬ 
ditioning  requirements  are  achieved  while  the 
units  ar'  on  the  sled  by  using  either  a  cold 
chamber  for  cold  soaking  the  units  with  C02, 
or  a  heating  array  that  can  hot  soak  the  units 
either  with  heated  air  or  radiant  heat  from 
quartz  heat  lamps  (Fig.  7).  These  chambers 
are  built  in  a  clamshell  configuration  that  sur¬ 
rounds  the  units  on  board  the  sleds.  The  cham¬ 
bers  are  remotely  opened  and  raised  free  of  the 
test  unit  just  seconds  before  sled  launch. 

A  new  concrete  horizontal  target  120  ft 
wide,  400  ft  long,  and  12  in.  thick  was  placed 
from  650  to  1050  ft  off  the  end  of  the  track. 

With  the  target  120  ft  wide,  tests  can  be  con¬ 
ducted  with  cross  winds  up  to  35  knots  without 


Fig.  7.  Clamshell  heating  array 


danger  of  the  unit  drifting  far  enough  to  miss 
the  target.  Four  rows  of  vertical  targets  15  ft 
high  and  80  ft  wide  can  be  placed  on  the  hori¬ 
zontal  target.  Each  row  consists  of  four  indi¬ 
vidual  targets  15  ft  high,  20  ft  wide,  and  1  ft 
thick,  which  are  supported  by  concrete  gussets 
15  ft  high  and  18  in.  thick.  These  targets  are 
portable  so  that  they  can  be  put  up  and  taken 
down  in  less  than  a  week  (Fig.  8). 


.  Portable  vertical  targets 
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The  following  equations  describe  the  theo-  required  to  attain  h  can  be  calculated  from  the 
retical  behavior  of  the  ejector:  equation 

'  En  (»b*»c)h.  (6) 

where  ^  ia  a  constant  representing  the  effi¬ 
ciency  of  the  thermodynamic  behavior  of  the 
particular  sled  and  is  arrived  at  by  empirical 
means;  for  the  present  systems  r,  is  0.85. 


[s40 - — - —  1  P, , 

L  (1.5*  0.  I65xu)°  4  1  " 


(0,330  -  0.116k, 


4  P««-  (1) 


0.330-  0  2S6/i 

0  116  t  0  028,: 


(P  ill  psi  ) 


As  an  example,  take  the  case  of  a  700-lb 
unit  which  is  to  be  ejected  to  an  apogee  of  25  ft; 
the  thrust  column  weight  is  21  lb.  Substituting 
into  Eq.  (6)  gives 

0  35  E0  (700  -  21  )25 


where  E0  is  the  total  energy  delivered  to  the 
payload  and  thrust  column  prior  to  ejection 
which  occurs  when  the  payload  separates  from 
the  thrust  column;  *0  is  the  length  of  the  power 
stroke  to  ejection;  Plc  is  the  initial  cushion 
pressure  and  Plf  is  the  initial  fire  pressure, 
with  P  an  arbitrary  coefficient  expressing  the 
relationship  between  Plc  and  Plf, 


E„  if—  21.200  ft  11, 

Referring  to  Table  1,  where  p|r  is  50  psi,  the 
value  of  Plf  that  gives  the  approximate  value 
for  E0  of  21,200  is  a  PI(  of  575.  The  Emin  is 
17,208,  which  compares  with  the  resultant  po¬ 
tential  entigy  change 


The  maximum  allowable  final  cushion 
pressure  has  been  set  at  3000  psi.  This 
value  can  be  substituted  along  with  the  initial 
cushion  pressure  Plc  into  the  following  equa¬ 
tion  for  the  total  length  of  stroke: 

.  /14* 

XJ  B  2.85  [l  -  (4) 


which,  when  substituted  in 

Eri„  =  j[3.7S  -  - ~ - —  j  Plf 

m,n  U  (1.5*0  165x  3 )°  4  J  f 

*[  0.285-  — - —  — - jp  }. 

I  (0.330-  0  U6X.)0  4  J 


gives  the  value  of  ejection  energy  carried  away 
by  the  test  item. 


A  computer  program  which  has  been  writ¬ 
ten  for  these  equations  solves  the  equations  as 
functions  of  the  initial  fire  and  cushion  pres¬ 
sures  P,,  and  l’)(..  The  resultant  solutions  are 
printed  cut  in  tables  from  which  the  appropriate 
solutions  can  be  selected  for  each  particular 
case. 


Test  requirements  are  usually  given  in 
terms  of  test  item  weight  it,,  and  the  maximum 
unit  height  h  after  ejection.  Knowing  the  weight 
of  the  thrust  column  \i(. .  the  energy  at  ejection 


PE  k,h  700-25  17.500, 

If  the  maximum  thrust-column  force  F,  in 
Table  1  is  excessive,  a  different  initial  cushion 
pressure,  and  thus  a  different  table,  should  be 
selected  where  the  F,  Is  acceptable. 


INSTRUMENTATION 

Instrumentation  for  the  first  tests  consisted 
mainly  of  motion  picture  photography,  as  the 
original  tests  were  run  with  the  express  pur¬ 
pose  of  obtaining  detailed  motion  pictures. 

When  the  test  parameters  were  expanded,  te¬ 
lemetry  systems  were  added  to  the  test  system 
for  transmitting  environmental  and  functional 
data  that  occurred  during  the  test.  A  photo¬ 
metric  ballistic  range  was  permanently  installed 
at  the  end  of  the  track.  The  output  from  this 
photometric  ballistic  range  is  70-mm  film, 
which,  when  read,  provides  raw  data  for  inser¬ 
tion  into  a  ballistic  trajectory  computer  pro¬ 
gram  giving  three-dimensional  position  and 
velocity. 

A  mobile,  automatic  motion  data  system 
(laser  tracker)  now  under  development  by  Syl- 
vania  for  Sandia  Corporation,  is  scheduled  to 
arrive  at  Sandia  in  January  1968  for  final 
checkout.  This  laser  tracker  will  replace  the 
original  photometric  ballistic  range.  The  sys¬ 
tem  uses  a  servo-controlled  mirror  to  direct 
a  modulated  CW  laser  beam  at  the  target  which 
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PI  F 

100.00000 
125.00000 
150.00000 
175  00000 
200.00000 
225.00000 
250.00000 
275.00000 
300. 00000 
325.00000 
350.00000 
375.00000 
400.00000 
425.00000 
450.00000 
475.COOOO 
500.00000 
525.00000 
550.00000 
575.00000 
600.00000 
625.00000 
650.00000 
675.00000 
700.00000 
725.00000 
750.00000 
775.00000 
800.00000 
825.00000 
850.00000 
875.00000 
900.00000 
925.00000 
950.00000 
975.00000 
1000.00000 
1025.00000 
1050.00000 
1075.00000 
1100.00000 
1125.00000 
1150.00000 
1175.00000 
1200.00000 
1225.00(00 
1250.00000 
1275.00000 
1300.00^00 
1325.00000 


_  .  ..  ,  TABLE  1 

Ejection  Calculations  for  22-inch  Ejection  Sled  at  PIC  =  50 


X  0 


E  0 


X  2 


E  MIN 


1.30710 

1.50933 

1.65527 

1.76812 

1.85797 

1.93150 

1.99299 

2.04529 

2.09042 

2.12983 

2.16458 

2.19551 

2.22324 

2.24826 

2.27097 

2.29170 

2.31071 

2.32620 

2.34438 

2.35938 

2.37334 

2.38636 

2.39855 

2.40999 

2.42074 

2.43087 

2.44044 

2.44948 

2.45806 

2.46620 

2.47394 

2.48130 

2.48833 

2.49503 

2  50144 

5.50757 

2.51345 

a.  5 1908 

2.52449 

2.52969 

2.53468 

2.53950 

2.54413 

2.54860 

2.55291 

2.55708 

2.56110 

2.56499 

2.56875 

2.57240 


1164.03689 
1920.91194 
2760.51051 
3660.85432 
-*608.00247 
5592.49732 
66C7. 59640 
7648.30574 
871C. 81247 
9792.13256 
10889.88226 
12002.12399 
13127.25932 
14263.95253 
15411.07486 
16567.66294 
17732.88730 
18906.02810 
20086.45625 
21273.61835 
22467.02486 
23666.24033 
24870.87556 
26080.58115 
27295.04209 
28513.97331 
29737.11592 
J0964. 23399 
32195.11195 
33429.55206 
34667.37274 
35908.40646 
37152.49864 
38399.50608 
39649.29596 
40901.74477 
42156.73749 
43414.16677 
44673.93231 
45935.94012 
47200.10213 
48466.33567 
49734,56284 
51004.71040 
52276.70930 
53550.49422 
54826.00354 
56103.17888 
57381.96497 
58662.30935 


2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69660 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 

2.69680 


-8122.30446 

-6789.08506 

-5455.86566 

-4122.64626 

-2789.42686 

-1456.20746 

-122.93805 

1210.23135 

2543.45075 

3876.67015 

5209.88955 

6543.10895 

7876.32836 

9209.54776 

10542.76716 

11875.98656 

13209.20596 

14542.42536 

15875.64476 

17208.86417 

18542.08357 

19875.30297 

21208.52237 

22541.74177 

23874.96117 

25208.18058 

26541.39998 

27874.61938 

29207.83878 

30541.05813 

31874.27758 

33207.49699 

34540.71639 

35873.93579 

37207.15519 

38540.37459 

39873,59399 

41206.81339 

42540.03279 

43873.25220 

45206.47160 

46539.69100 

47872.91040 

49206.12980 

50539.34921 

51872.56861 

53205.78801 

54539.00741 

55872.22681 

57205.44621 


F  1 

1545.00000 
2140.00000 
2735.00000 
3330.00000 
3925.00000 
4520.00000 
5115.00000 
5710.00000 
6305.00000 
6900.00000 
7495.00000 
8090.00000 
8685.00000 
9280.00000 
9875.00000 
10470.00000 
11065.00000 
11660.00000 
1225  o.OOOOC 
12830.00000 
13445.00000 
14040.00000 
14635.00000 
15230.00000 
15825.00000 
16420.00000 
17015.00000 
17610.00000 
18205.00000 
18800.00000 
19395.00000 
19990.00000 
20585.00000 
21180.00000 
21775.00000 
22370.00000 
22965. 00C0G 
23560. OOOOG 
24155.00000 
24750.00000 
25345.00000 
25940.00000 
26535.00000 
27130.00000 
27725.00000 
28320.00000 
28915.00000 
29510.00000 
30105.00000 
30700.00000 
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carries  a  cooperating  retroref  lector.  The  re¬ 
flected  signal  is  redirected  by  the  same  mirror 
to  the  receiver.  Angular  encoders  with  digital 
outputs  are  attached  to  the  mirror  and  tracking 
mc’.uit  shafts  The  output  from  this  system  will 
be  in  a  digital  format  compatible  with  available 
computers;  therefore,  complete  ballistic  tra¬ 
jectory  data  can  be  available  in  a  matter  of 
hours.  This  will  provide  a  distinct  advantage 
over  the  photometric  system,  the  data  from 
which  had  to  be  hand  read  from  data  film  and 
punched  onto  data  cards  prior  to  insertion  into 
the  computer.  Also,  the  automatic  tracking 
feature  of  the  laser  tracker  fill  provide  motion 
picture  and  TV  monitoring  ol  the  test. 

CONCLUSIONS 

The  advantages  of  simulating  aircraft  deliv¬ 
ery  using  a  rocket  sled  are: 


1.  A  high  degree  of  ballistic  accuracy  and 
repeatability,  achievable  under  the  controlled 
semilabomtory  conditions  of  the  rocket  sled 
track  (release  velocity  can  be  controlled  to  ±0.5 
percent,  release  point  is  physically  predeter¬ 
mined,  thus  giving  high  accuracy  upon  point  of 
impact); 

2.  Excellent  photographic  and  ballistic  data, 
obtainable  because  of  the  accuracy; 

3.  Temperature  preconditioning  of  test  units 
until  immediately  prior  to  launch; 

4.  Ease  of  scheduling,  as  track  time  is 
more  readily  available  than  aircraft  time; 

5.  Lower  cost. 


DISCUSSION 


Voice:  What  acceleration  levels  on  ejection 
did  you  have  on  the  piston?  —  on  the  sled? 

Mr  Kampfe:  These  can  go  as  high  as  100  g. 
It  is  ?  function  of  the  test  item  being  ejected. 

* 


When  we  stop  the  piston  in  the  sled  a  higher 
fire  pressure  is  required.  This  sometimes  ex¬ 
ceeds  the  acceleration  loads  that  the  units  can 
take.  That  is  why  we  allow  it  to  go  out  the  top. 

*  * 


201 


/ 


AERODYNAMIC  NOISE  INVESTIGATION  IN  A 
SHORT-DURATION  SHOCK  TUNNEL 


Pivid  H.  Ross 
A*  ;osp.ir«-  Corporation 
ril  Srgur.do,  California 


The  Aerospace  Corporation  to-*-  speed  shock  tunnel  was  used  to  determine  fluctuating 
pressure  levels  on  the  surface  o'  Titan  HI  models.  This  novel  employment  of  the  shock  1 
tunnel  permits  rapid  and  cheap  model  testing,  thus  assisting  in  the  prediction  of  booster-  ! 
vehicle  acoustic  environment.  The  configurations  tested  were  1:30  scale  models  of  the 
T;‘an  X11A  (cone-cylinder-core  only)  and  the  Titan  U1C  with  both  I  20-m. -diam  and  1  56- 
in. -diam  solid  rocket  motor  boosters  attached  to  the  core. 

The  electrical  signals  from  the  high-frequency,  flush-mounted  pressure  transducers 
were  digitized  and  then  spectrally  analyzed  by  diguai  computer.  These  model  spectra 
were  scaled  fo.-  comparison  with  'light  data  on  the  basis  of  dyn.im.c  pressure  q  and 
Strouhal  frequency  fO  V. 

The  model  and  full-scale  data  compared  favorably  for  the  ore-  station  available  from  a 
Titan  1IIA  flight  (core  only)  and  Titan  IT  1C  flight  (core  plus  120-in.  solids).  Spectral  dis¬ 
tributions  were  similar  and  the  overall  and  1 /3-octave-band  sound  pressure  1-vels  were 
within  2  db  for  both  the  model  and  full-scale  results,  when  scaled  a=  above.  The  values 
for  the  156-in.  solid  configuration  were  slightly  higher  at  a  given  position  than  those  for 
the  120-in.  solid  configuration;  the  difference  was  0  to  3  db.  Those  positions  on  the  core  j 
body  in  the  plane  of  the  solid  booster  (i.e.,  under  the  motor  body)  produced  fluctuation  j 
about  8  to  10  db  higher  than  the  positions  00  deg  from  that  plane  (away  from  the  direct  j 
influence  of  the  boosters). 


INTRODUCTION 

This  study  investigated  simulation  ol  the 
aerodynamic  noise  environment  ol  a  booster- 
rocket  launch  vehicle  during  the  transonic  por¬ 
tion  of  a  launch  trajectory.  The  usual  method 
of  providing  this  simulation  is  to  mount  a  scale 
model  of  the  vehicle  in  a  fairly  large  continuous- 
flow  wind  tunnel.  This  report,  however,  de¬ 
scribes  the  use  of  a  short-duration  shock  tunnel 
for  this  purpose. 

The  aerodynamic  noise  environment  is 
produced  by  the  surface  pressure  fluctuations 
induced  by  the  turbulent  boundary  layer  and  by 
interactions  of  the  boundary-layer  flow  with 
shock  waves,  surface  discontinuities,  and  other 
disturbances.  The  most  common  measurements 
of  these  fluctuations  for  engineering  purposes 
are  the  total  variance  or  rms  fluctuation  level 
and  the  power  spectral  density  (or  its  related 
terms  integrated  over  fixed  bandwidths,  the 
1/3-octave-band  or  octave-band  spectra). 

The  parameters  which  must  be  reproduced 
or  accounted  for  in  the  simulated  model  flow 
are  the  Mach  number,  Reynolds  number,  and 


dynamic  head  of  the  flow,  as  well  as  the  dimen¬ 
sionless  fluctuation  frequency  or  Strouhal  num¬ 
ber  ID  r.  The  flow  Mach  number  shcold  be 
reproduced  as  nearly  as  possible  since  shock 
wave  locations  and  shock-wave  boundary  layer 
interaction  will  be  a  strong  function  of  this 
parameter.  On  the  other  hand,  the  major  re¬ 
quirement  for  the  Reynolds  number  is  that  it  be 
high  enough  to  ensure  a  well-developed  turbu¬ 
lent  boundary  layer  in  the  region  of  interest. 
There  is  some  evidence  of  Reynolds  number 
effects,  but  these  seem  to  be  in  the  nature  of 
slow  trends  rather  than  strong  functions  of 
Reynolds  number.  Since  it  is  very  difficult  to 
realize  the  very  high  dynamic  pressures  found 
in  free  flight  within  a  v/ind  tunnel  (because  of 
high  pressure  and  high  power  requirements),  it 
is  customary  to  rely  upon  the  frequently  dem¬ 
onstrated  experimental  result  that  the  surface 
pressure  fluctuations  are  at  least  approximately 
proportional  to  the  dynamic  pressure  t.  While 
it  is  clear  that  the  fluctuation  frequencies  must 
scale  with  a  Strouhal  number,  selection  of  the 
appropriate  length  scale  or  scales  presents  a 
problem  for  adequate  model-to-full-size  scal¬ 
ing.  This  point  is  discussed  later  in  this 
report. 
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The  investigation  described  here  repre¬ 
sents  a  scale-model  simulation  of  the  aerody¬ 
namic  noise  values  for  selected  points  on  three 
configurations  of  the  Titan  HI  launch  booster 
vehicle.  The  transducer  locations  were  selected 
with  a  view  toward  obtaining  information  on  the 
role  of  the  bow  shocks  from  the  strap-on  solid 
rocket  motor  casings  on  the  Titan  IRC  vehicle. 

The  remainder  of  this  report  presents  the 
experimental  methods  and  results  of  a  novel 
approach  tc  the  aerodynamic  noise  simulation 
environment  for  the  scale  models  mentioned 
above.  This  approach  employs  a  short-duration 
shock  tunnel  to  achieve  a  few  milliseconds  of 
test  time  at  the  desired  Mach  number.  The  test 
conditions  were  calculated  to  yield  a  turbulent 
boundary  layer  on  the  model  surface  in  the  re¬ 
gions  of  interest. 

This  unconventional  use  of  a  shock  tunnel 
to  obtain  unsteady  aei  xiynamic  data  has  good 
and  bad  features  when  compared  with  the  usual 
continuous-flow  facility. 

The  shock  tunnel  permits  relatively  inex¬ 
pensive  and  rapid  tests  to  be  made.  A  relatively 
high  Reynolds  number  per  foot  of  model  is 
available  during  the  test  time  without  the  ex¬ 
penditure  of  the  large  amounts  of  power  re¬ 
quired  by  continuous-flow  tunnels.  In  addition, 
the  relatively  brief  period  of  flow  means  that 
the  pressure  transducers  are  not  subjected  to 
appreciable  heating  and  permits  the  use  of 
rapid-response  piezoelectric  crystal  transduc¬ 
ers. 

However,  the  brief  running  times  available 
do  pose  certain  problems,  four  of  which  are 
discussed  below.  Of  these,  two  are  of  a  funda¬ 
mental  nature  and  two  concern  data  acquisition 
and  analysis. 

The  first  fundamental  problem  concerns 
the  time  required  to  establish  a  reasonably  uni¬ 
form  and  steady  mean  flow  about  the  model,  and 
for  the  boundary  layer  to  grow  to  an  equilibrium 
condition.  Consideration  of  the  pressure  traces 
from  these  tests  and  of  the  results  from  the 
simplified  Rayleign  boundary-layer  growth 
problem  suggests  that  the  flow  establishment 
time  is  substantially  less  than  the  test  time  for 
the  applicable  conditions. 

A  fundamental  limitation  to  the  lowest  sig- 
nificani  frequencies  that  can  be  determined  is 
provided  by  the  brief  test  time.  Both  intuition 
and  consideration  of  stochastic  process  theory 
indicate  that  there  can  be  virtually  no  informa¬ 
tion  yield  for  frequencies  less  than  the  recip¬ 
rocal  of  the  test  time.  In  fact,  sampling. 


signal-to-noise,  and  statistical  considerations 
indicate  that  the  lower  frequency  limit  should 
be  considered  to  be  2  to  10  times  that  mentioned 
above. 

In  addition,  the  brief  test  time  and  the  high 
frequencies  make  stringent  demands  upon  the 
frequency  response  and  resolution  of  the  pres¬ 
sure  transducers,  the  electronic  instrumenta¬ 
tion,  and  the  data  analysis  system.  The  brief 
test  period  requires  digital  computer  correla¬ 
tion  function  and  spectral  analysis  programs 
for  proper  data  reduction. 

This  report  discusses  how  the  short- 
duration  test  technique  was  employed  to  advan¬ 
tage  and  how  the  problems  affected  the  results 
or  how  they  were  circumvented. 


TEST  FACILITY  AND  MODEL 

The  tests  were  conducted  in  the  Aerospace 
Corporation  Aerodynamics  and  Propulsion  Re¬ 
search  Laboratory  low  speed  shock  tunnel  fa¬ 
cility.  Figure  i  is  a  sketch  of  the  tunnel.  Since 
a  detailed  description  of  this  facility  and  its 
operating  characteristics  are  contained  in  a 
report  by  Varwig  and  Rosenman  [1],  only  a 
brief  discussion  is  presented  here.  A  sting- 
mounted  model  is  contained  in  a  large,  evacu¬ 
ated  test  chamber;  a  high-pressure  driver-gas 
chamber  is  attached  to  one  end  of  the  test 
chamber,  isolated  from  it  by  a  diaphragm.  A 
test  is  initiated  by  bursting  the  diaphragm  and 
producing  a  shock  wave,  which  propagates  down 
the  test  chamber  and  passes  over  the  model. 

The  gas  in  the  test  chamber  is  compressed  and 
accelerated  by  the  shock  wave  and  flows  past 
the  model  at  a  predetermined  Mach  number; 

M  =  1.1  in  the  tests  discussed  here.  The  test 
time  was  about  3  msec  for  this  condition. 

The  model  employed  was  a  1:30  scale 
model  of  the  Titan  in.  Three  configurations 
were  tested:  (a)  the  Titan  IIIA.  which  is  the 
core  of  the  Titan  HIC  and  is  essentially  a  cone- 
cylinder  body;  (b)  the  Titan  HIC  with  the  stand¬ 
ard  120-in. -diam  solid  rocket  motor  (SRM) 
booster  bodies  strapped  onto  the  core  body;  and 
(c)  the  Titan  IIIC  with  156-in. -diam  SRM  bodies. 
Drawings  of  these  models  are  shown  in  Fig.  2, 
where  the  six  pressure  transducer  locations 
are  noted.  Figures  3  and  4  are  photographs  of 
the  model  mounted  in  the  tunnel. 

The  models  differed  from  the  full-scale 
vehicle  in  one  important  respect:  the  cylinder 
of  the  core  body  was  extended  forward  in  order 
to  ensure  a  fully  developed  turbuler,*  boundary 
layer  in  the  region  where  the  pressure 
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transducers  were  located.  In  addition,  two  capability),  ceramic  piezoelectric  type  devel- 

boundary -layer  trips  of  the  "Hama"  type  were  oped  in  this  laboratory  by  L.  Rosenman.  They 

used  [2],  These  trips  consisted  of  circumfer-  were  installed  flush  with  the  outer  surface  of 

entia!  rings  of  forward-facing  triangular  points  the  model  in  vibration-isolating  mountings, 
which  induce  secondary  vorticity  within  the 

boundary  layer  and  thus  promote  transition.  The  pressure  transducer  output  signals 

are  recorded  as  oscilloscope  traces  and  photo- 
The  pressure  transducers  employed  are  of  graphed.  The  preamplifiers  and  a  few  of  the 
a  special  rapid-response  (high-frequency  array  of  oscilloscopes  used  to  record  the  data 
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Fig.  3  Titan  IUC  model  mounted  in  tunnel  (note  pressure 
transducers  located  near  middle  of  core  body) 


F ‘g.  -4.  Titan  III CT  model  mounted  >r.  sting- 
boundary. layer  trips  attached  to  the  nose 
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Fig.  5.  Tunnel  instrumentation,  including  pre¬ 
amplifiers,  with  test  chamber  ir.  background 


during  these  tests  are  shown  in  Fig.  5.  One 
scope  records  the  signals  from  two  pressure 
transducers  mounted  a  known  axial  distance 
apart  on  the  inside  surface  of  the  test  section. 
The  resulting  signal  is  used  to  trigger  the  re¬ 
maining  scopes  at  predetermined  intervals,  and 
the  signal  is  displayed  on  an  oscilloscope  and 
photographed  to  determine  shock  Mach  number. 


TEST  PROCEDURE 

This  investigation  consisted  of  measure¬ 
ment  of  the  surface  pressure  fluctuation  at  six 
transducer  stations  on  the  three  Titan  III  con¬ 
figurations.  All  tests  were  conducted  at  the 
single  Mach  number,  M  =  1.1,  and  at  0-deg  an¬ 
gle  of  attack  and  0-deg  yaw. 

As  each  model  configuration  was  mounted 
on  the  sting,  an  in-place  calibration  of  the  en¬ 
tire  pressure  transducer  and  readout  electron¬ 
ics  chain  was  accomplished  with  the  aid  of  a 
pressure-pulse  apparatus. 

The  electrical  output  signals  from  the 
pressure  transducers  were  recorded  on  oscil¬ 
loscopes  and  photographed.  Two  of  the  trans¬ 
ducers  were  monitored  on  a  single  scope  over 
the  entire  test  period  (Fig.  6).  The  actual  data 
were  obtained  from  two  expanded  scale  traces, 
sequentially  triggered  on  two  scopes  to  give  a 
total  data  period  of  1  msec  during  the  most 
stationary  part  of  the  3-msec  test  time.  In 


Fig.  6.  Oscilloscope  traces  showing  overall 
pressure-time  history  for  two  gauges 


addition,  these  expanded  data  traces  were  high- 
pass  filtered  at  1  kHz.  The  expanded  scale 
traces  corresponding  to  the  upper  trace  in  Fig. 

6  are  presented  in  Figs.  7  and  8.  The  corre¬ 
sponding  noise  trace  for  no  flow  is  shown  in 
Fig.  9. 

The  position  of  the  "steady”  detached  shock 
wave  ahead  of  the  solid  boosters  during  the  test 
lime  was  determined  by  separate  shots  during 
which  schlierer.  photographs  were  obtained  for 
both  the  120-in. -diam  and  156-in. -diam  SRM 
bodies,  The  120-in. -diam  case  appears  in 
Fig.  10. 

The  standard  tunnel  operating  conditions 
for  this  test  series  were:  driver-gas  pressure, 
650  psig;  test  chamber  initial  pressure.  2  mm 
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SIMON  A 


Fig.  7.  Amplified  signal 
from  portion  of  Fig.  6 
(first  section) 


STATION  A 

Fig.  8.  Amplified  sig¬ 
nal  from  portionof  Fig. 

6  (differentially  trig¬ 
gered  second  section) 


Hg  abs.;  flow  Mach  number,  1.1;  model  Reyn¬ 
olds  number  per  foot,  1.2  x10s;  and  free-stream 
dynamic  pressure,  q  =  31  psf. 


DATA  ANALYSIS 

The  data  analysis  procedure  was  based 
upon  analog-to-digital  conversion  of  the  oscil¬ 
loscope  traces  and  subsequent  digital  process¬ 
ing  and  spectral  analysis  on  the  IBM  7094  com¬ 
puter.  (An  outline  of  the  major  steps  appears 
in  the  Appendix.) 

The  pressure  transducer  output  (in  terms 
of  volts  vs  time)  is  recorded  on  two  oscilloscope- 
trace  photos,  each  of  0.5-nuec  duration.  These 
Polaroid  prints  are  photographically  copied, 
and  enlarged  11-in.  by  14-in.  prints  are  pro¬ 
duced.  The  enlargements  are  then  read  with 
the  aid  of  a  Benson-Lehner  OSCAR  machine, 
a  crosshair  follower  device  which  performs  an 
analog-to-digital  conversion.  The  machine 
operator  samples  the  data  at  a  sampling  density 
equivalent  to  a  2 -MHz  sampling  rate.  The 
OSCAR  machine  records  the  x  and  y  displace¬ 
ments  of  the  sample  point  upon  the  I3M  card, 
thereby  converting  the  analog  trace  into  a  deck 
of  digital  input  cards. 


.WISE  TRACE  WITH  NO  FLOW 

Fig.  9.  Noise  trace  corre¬ 
sponding  to  conditions  of 
Figs.  7  and  8 


Fig.  10.  Schiieren  photograph  of  SRM  bow 
shock  impinging  on  core  body 


The  deck  of  cards  is  then  used  as  input 
data  for  a  digital  computer  calibration  and 
trend-removal  program.  The  calibration  por¬ 
tion  of  the  program  converts  the  arbitrary 
"counts"  of  the  OSCAR  to  physical  pressure 
and  time  units  through  the  use  of  the  OSCAR 
calibration,  the  preamplifier  and  scope  setting 
data,  and  the  individual  pressure  transducer 
calibration.  The  trend  removal  consists  of 
suppressing  the  effects  of  a  trending  mean 
(caused  by  small  changes  in  the  mean  flow  as  a 
function  of  time,  finite  electrical  bandwidth  ef¬ 
fects  upon  the  step-function  mean-flow  signal, 
etc.)  by  a  least-squares  polynomial  curve  fit. 
The  residue,  or  variation  about  the  polynomial, 
is  printed  and  also  plotted  by  Calcomp  plotter 
as  pressure  in  pounds  per  square  foot  as  a 
function  .if  time.  The  rms  value  of  this  residual 
pressure  fluctuation  is  also  an  output  of  the 
program  and  is  taken  as  the  mean  value  of  the 
surface  pressure  fluctuations  p'.  In  addition, 
any  wild  points  or  breaks  in  the  data  introduced 
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by  human  error  or  OSCAR  machine  troubles 
can  be  detected  by  visual  inspection  of  the  out¬ 
put  plot. 


implied  by  the  name,  gives  the  density  distribu¬ 
tion  in  frequency  space  of  the  pressure  fluctua¬ 
tion  squared  f(psf)2  per  hertz  in  our  case|. 


Spectral  analysis  of  the  time-varying  pres¬ 
sure  p'(t)  was  accomplished  by  processing  the 
output  of  the  calibration  program  by  means  of 
the  Aerospace  Data  Processing  Center  digital- 
computer  wave  analyzer  program  [3].  This 
program  is  based  upon  some  of  the  well-known 
properties  of  sampled  stationary  random  func¬ 
tions.  Therefore,  any  substantial  departure 
from  stationary  behavior  displayed  by  p'(  t  > 
would  introduce  doubt  as  to  the  applicability  of 
the  method  and  the  accuracy  of  the  results 
(stationary  implies  that  the  process,  or  at  least 
Its  relevant  statistical  properties,  depends  only 
on  time  differences  and  is  invariant  to  displace¬ 
ment  on  the  time  scale).  The  trend-removal 
program  is  an  important  factor  in  meeting  the 
requirement  of  at  least  a  process  with  a  sta¬ 
tionary  increment  by  removing  any  nonstation  - 
ary  mean  values  and  allowing  a  visual  check  on 
any  radically  nonstationary  variance  by  inspec¬ 
tion  of  the  Calcomp  plot. 

The  wave  analyzer  program  is  a  digital 
computer  approach  to  random  data  analysis  and 
is  based  upon  the  theory  of  random  or  stochas¬ 
tic  processes.  The  general  approach  can  be 
found  in  Bendat  and  Fiersol  [4|  and  the  details 
of  the  Aerospace  procedure  in  Holtz  and  Mor¬ 
ris  [3].  In  terms  of  the  continuous  stationary 
function  of  time  p '  ( t ),  there  exists  an  auto¬ 
correlation  function  R(>),  defined  as  follows 
(see  Appendix  for  nomenclature): 


R(  r  )  1  im  y  f  p'(  t  )  p‘(  t  *  -  )  lit 

T  -  v  T  Jo 

The  Wiener -Khintchine  theorem  for  sta¬ 
tionary  functions  shows  that  the  autocorrelation 
function  and  the  power  spectral  density  function 


G(f)  OT.[  [(P’ 

are  Fourier  transform  pairs: 
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To  compare  the  mode!  test  results  to  the 
full-scale  flight  test  results,  it  is  necessary  to 
convert  the  power  spectral  density  w  f  >  to  an 
integrated  spectrum  F<r,  fj ),  which  can  be 
specified  in  a  manner  equivalent  to  the  acous¬ 
ticians'  standard  sound  power  level  (SPL)  in 
1/3-octave-bandwidth  increments.  We  define 
the  integrated  spectrum  function  r.i  f. .  f .  >  as 
follows: 

.i  i  ■  :  •  i  t 

E(  f , .  f , )  U  t }  .if  spl  . 
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where  the  r  are  the  specified  integration 
bandwidth  center  frequencies  and  the  f  t  are 
the  integration  bandwidths.  In  our  case,  the  f  i 
and  ‘fi  are  prescribed  numbers,  being  the 
standard  USA  Standards  Institute  acoustic  cen¬ 
ter  frequencies  and  proportional  bandwidths 
corresponding  to  the  1/3 -octave-band  values. 
Since  an  integrator  subroutine  to  the  wave  ana¬ 
lyzer  program  was  not  available  at  the  time  the 
work  reported  here  was  carried  out,  the  trans¬ 
formation  from  0  to  E  was  computed  by  hand. 

The  analog-to-digital  conversion  of  j»  ’ <  i  > 
to  p’(  t  j )  and  subsequent  spectral  analysis 
raises  the  question  of  "aliasing"  or  folding  of 
high-frequency  content  in  the  true  spectrum 
back  into  the  lower-frequency  range  of  the  dig¬ 
itally  computed  spectrum  and  thereby  falsely 
reporling  the  frequency  of  this  energy.  The 
remedy  for  this  behavior  is  to  sample  the  data 
at  a  frequency  at  least  twice  that  of  the  highest 
'requency  where  a  substantial  energy  content  is 
present.  For  a  number  of  reasons  (including 
the  finite -size  pressure  transducer  placing  a 
limit  upon  the  upper  frequency  obtained  from 
the  converted  fluctuating  flow  field),  the  elec¬ 
trical  signal  was  low-pass  filtered  at  40  kHz 
(-3  db).  The  sampling  frequency  of  2  MHz  was 
well  beyond  the  30-100  kHz  that  would  be  re¬ 
quired  on  the  basis  of  the  Nyquist  sampling 
criterion. 


G(f)  2  [  ,!■ 

The  digital  program  operates  in  a  similar  way 
upon  the  discrete  sample  set  p'<  t ; )  obtained 
from  the  continuous  p'<  1 1:  computing  the  auto¬ 
correlation  function  r(  ■ )  and  taking  its  Fourier 
transform  to  obtain  the  power  spectral  density 
function  G(f).  The  power  spectral  density,  as 


The  model  data  were  scaled  to  full-scale 
flight  test  basis  for  comparison  with  the  avail¬ 
able  examples  of  trie  latter.  Additional  com¬ 
ments  on  scaling  appear  m  the  Appendix;  con¬ 
sideration  will  be  given  here  only  to  how  the 
scaling  laws  used  influenced  the  numerical 
results.  The  amplitude  of  the  pressure  fluctu¬ 
ations  was  scaled  on  the  basis  of  tree-stream 
dynamic  pressure  <i 
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In  terms  of  the  sound  power  level  (SPL)  in  db 
units,  the  scaling  can  l>e  expressed  as  follows: 


SPb 
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The  following  typical  >i,  values  were  employed, 
based  on  the  llight profiles  of  Reis.  5  and  6:  For 
the  Titan  IILA  flights  (core  only),  q  =  550  psf;  tor 
the  Titan  IIIC  flight,  q  =  600  psf.  The  frequen¬ 
cies  at  which  the  amplitudes  were  reported  re¬ 
sulted  from  the  application  of  Strouhal  scaling 
to  the  model  data.  A  Strouhal  number  based 
upon  body  diameter  D  and  free-stream  velocity 
l)  was  employed.  Since  lJm  uf  and  Dm  t  30Df, 
application  of  Strouhal  scaling  on  this  basis  re¬ 
sults  in: 


The  overall  sound  pressure  level  values  are 
summarized  In  Table  1.  Different  values  for  a 
given  gage  position  and  test  condition  indicate 
independent  determinations.  An  example  of  the 
autocorrelation  function  R(t)  is  plotted  in  Fig. 
11.  A  typical  power  spectral  density  plot  for  the 
same  case  appears  in  Fig.  12.  Selected  com¬ 
parisons  between  the  available  flight  data  and 
the  model  results  appear  In  Figs.  13  and  14; 

Fig.  13  depicts  the  comparison  between  the 
core-only  Titan  mA  model  and  the  Titan  niA 
configuration  -03  flight  [5].  Figure  14  repre¬ 
sents  a  similar  comparison  for  the  same  Sta¬ 
tion  567,  open-side  or  target-side  position, 
between  the  Titan  ICC  configuration  -07  flight 
and  the  model  results  for  Titan  IIIC  models 
consisting  of  core  plus  120-in.  solids  and 
156-in.  solids.  The  typical  effects  of  model 
location  are  demonstrated  by  Fig.  15,  where 
the  1/3 -octave -band  spectra  for  various  sta¬ 
tions  are  compared. 
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RESULTS  AND  DISCUSSION 


In  general,  the  overall  sound  pressure  lev¬ 
els  determined  by  this  investigation  agree  quite 
well  with  both  the  general  estimates  based  upon 
various  experiments  [7,8]  and  the  flight  test 
results  for  the  single  Station  567  target-side 
measurement  point  available  at  this  time.  In 
the  latter  case,  the  agreement  is  good  between 
both  model  and  full-scale  1/3 -octave-band  en¬ 
ergy  spectra. 


All  the  model  results  in  this  report  have 
been  scaled  to  the  flight  basis  as  described. 


Figure  13  shows  the  closeness  of  the  sound 
pressure  level  spectra  for  the  core-only  A 


TABLE  1 

Overall  Sound  Pressure  Levels 


r~ 

Case 

Measurement  Station 

Configuration 

A 

B 

C 

D 

E 

F 

"A" 

"C"  120 

"C"  156 

196 

145 

X 

203 

144 

X 

205 

143 

X 

206 

144 

X 

207 

148 

153 

155 

156 

X 

208 

146 

154 

150 

152 

X 

209 

151 

151 

15" 

155 

X 

210 

148 

152 

152 

X 

212 

149 

158 

154 

156 

X 

213 

L 

151 

i _ 

153 

X 

_ 

Nut,1.  —  Unit  is  decibel*  ref.  renced  to  0.0002  bar,  scaled  on  'he  basis  of 
I  -  5  50  psf  for  "A"  ciinfigiir.itions  and  r  700  psf  for  120-in.  and  156-in 
"f"  t'onfit* .i i. it ioij'i. 
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Fig.  13.  Comparison  of  model  and  full-scale 
sound  pressure  level  spectra 


configuration.  The  peak  in  the  flight  data  just 
above  100  Hz  is  considered  spurious  by  com¬ 
parison  w'ifc  all  other  available  model  and  flight 
results.  This  peak  also  contributes  to  the 
rather  high  overall  level  of  148.5  db,  equal  to 
the  120-in.  solid  -07  flight  result  for  the  same 
measurement  point. 

Figure  14  presents  a  comparison  of  the 
pressure  level  spectra  at  Station  567  for  the 
Titan  Hie  -07  flight  and  the  corresponding 
model  test  data  for  the  same  location  (gage 
Station  A.  see  Fig.  2)  with  core-only.  120-in. 


solid  booster,  and  156-in.  booster  configura¬ 
tions.  This  presentation  demonstrates  the  good 
agreement  between  the  model  and  full-scale 
levels  and  also  the  slight  but  consistent  in¬ 
crease  in  level  for  the  progression  from  no 
solids  to  120-in.  solids,  and  to  156-in.  solids. 

These  results  indicate  that  the  effects  of 
the  solid  booster  bow  shock  upon  the  surface 
pressure  fluctuations  on  the  open  or  target  side 
are  not  very  great,  at  least  for  the  conditions 
examined  in  this  sti  dy.  However,  the  question 
of  the  influence  of  the  booster  bow  shock 


Fil?.  14.  Comparison  of  model  und  full-scale  sound 
pressure  level  spectra  with  and  without  solids 
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Fig.  15.  Model  sound  pressure  level  spectra 
showing  effect  of  transducer  location 


interaction  with  that  part  of  the  core  directly 
under  the  booster  remains  to  be  answered.  The 
pertinent  data  cn  this  point,  the  results  from 
the  six  gage  locations  in  the  model  tests,  are 
presented  in  Table  1  in  terms  of  the  overall 
sound  pressure  level  and  the  effects  of  location 
upon  1/3 -octave -band  sound-pressure-level 
spectra  shown  in  Fig.  15.  The  target-  or  open- 
side  locations  A,  C,  and  E  give  levels  only 
slightly  higher  than  for  the  core -only  configura¬ 
tion.  On  the  other  hand,  the  fluctuations  at  the 
locations  under  the  rocket  motors,  B,  D,  and  F, 
are  about  5-10  db  above  the  open-side  values. 
Thus  there  is  strong  enhancement  of  the  fluctu¬ 
ating  pressures  under  the  booster  bodies  and 
directly  behind  the  interaction  of  the  boundary 
layer  with  the  strongest  portion  of  the  booster 
nose  shock,  a  d  there  is  a  much  weaker  enhance¬ 
ment  over  the  open-side  regions.  Some  modifi¬ 
cations  to  this  general  picture  are  noted  below. 

The  limited  number  of  measurement  sta¬ 
tions  makes  it  hard  to  determine  the  effect  of 
strong  local  peaks  in  fluctuation  near  the  inter¬ 
section  of  the  booster  bow  shock  with  the  core- 
body  boundary  layer.  Values  for  boundary - 
layer-shock  wave  interaction  reported  in  the 
literature  [7|  would  lead  to  the  expectation  of 
higher  values  than  those  measured  here  in  a 
limited  region  near  the  shock  wave.  The  finite- 
size  pressure  transducers,  the  fixed  axial  in¬ 
crements  by  which  they  could  be  moved,  and  the 
limited  time  available  to  search  for  the  various 
regions  of  maximum  effect  all  acted  to  suppress 
the  appearance  of  the  local  peaks  in  the  results 
presented  here.  However,  some  of  the  higher 
readings  at  the  C  and  E  locations  may  result 


from  picking  up  at  least  some  of  the  fluctuation 
field  in  the  neighborhood  of  the  shock-boundary 
layer  interaction.  The  effects  of  the  strong  in¬ 
teraction  region  upon  the  spectral  distribution 
can  be  observed  in  Fig.  15.  where  the  data  from 
the  120-in.  solid  case  207  exhibit  both  a  higher 
overall  level  for  the  D  and  F  locations  when 
contrasted  with  the  A  location,  and  a  strongly 
enhanced  low-frequency  content  probably  re¬ 
sulting  from  upstream  separation-reattachment 
effects. 

It  should  be  noted  that  the  restriction  on  the 
lowest  measurable  frequencies,  established  by 
the  limited  duration  of  the  tests  and  referi  ed  to 
above,  does  not  affect  the  comparison  between 
the  model  and  the  full-scale  flight  results.  The 
lowest  1/3-octave-band  center  frequency,  when 
scaled  on  the  basis  of  body  diameter  Strouhal 
number  and  the  1:30  model  scale,  results  in  a 
value  of  83  Hz,  which  is  close  to  the  lowest 
available  flight  test  result. 


CONCLUSIONS 

The  method  of  determining  the  1  rface 
pressure  fluctuations  on  a  model  during  the 
brief  flow  in  a  low-speed  shock  tunnel  appears 
to  provide  a  good  simulation  of  full-scale  flight 
test  conditions.  The  results  correlated  well 
with  expectations  based  upon  general  continuous- 
flow  studies  and  with  comparable  flight  test  re¬ 
sults  when  scaled  to  the  latter  conditions.  The 
relative  ease  and  low  cost  of  obtaining  data  in 
a  short -duration  facility  suggest  that  this 
method  can  become  a  useful  tool  in  the  pursuit 
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< j f  answers  to  some  of  the  yet  unexplained  basic 
aspects  oi  surface  pressure  fluctuation  phenom¬ 
ena  (particularly  the  separated  flow  and  strong 
interaction  cases)  and  can  assist  in  obtaining 
information  for  design  purposes. 

The  data  obtained  from  tests  of  core-oniy 


(aerodynamic  noise)  for  locations  on  the  target 
or  open  sides,  whereas  a  substantial  increase 
(of  150-160  db)  was  found  on  the  booster-body 
sides.  For  the  single  Station  567  open-side 
location,  flight  test  resuits  ciosely  resembied 
the  scaied  modei  resuits. 


Titan  IRA  configuration,  120-tn.  SRM  Titan  IOC  Dynamic -pressure  scaling  for  the  pressure 

configuration,  and  156- in.  SRM  Titan  LUC  con-  fluctuation  amplitude  appears  to  give  consistent 

figuration  models  indicated  that  the  interaction  results,  but  the  choice  of  the  proper  iength  scaie 

of  the  booster-rocket-motor-body  bow  shock  for  Strouhal  number  scaling  of  frequencies  in 

with  the  core  boundary  layer  led  to  a  smaii  such  complicated  interactions  as  those  consid- 

mcrease  in  surface  pressure  fluctuation  ered  here  requires  additional  study. 


Appendix 

SCALING  LAWS  FOR  PRESSURE  FLUCTUATIONS 


Dimensional  analysis  of  the  basic  parame-  near  the  surface,  just  beyond  the  sublayer) 
ters  influencing  the  static-pressure  fluctuations  wouid  be  likely  candidates  for  the  roie  of  nor- 
on  the  surface  of  a  body  indicates  that  the  am-  maiizing  quantity  for  the  fluctuating  static 

piitude  of  the  fluctuations  should  scaie  with  pressure  at  the  surface.  Moreover,  the  iong 

some  characteristic  pressure  (or  force  per  unit  history  of  experimental  boundary -layer  inves- 

area)  and  the  frequency  scale  according  to  the  tiganons  discloses  that  the  ratio  of  surface 

dimensionless  grouping,  fL  U,  the  Strouhai  shear  to  free-stream  dynamic  pressure  (the 

number.  However,  the  choice  of  which  refer-  skin-friction  coefficient  Cf)  is  a  slowly  varying 

ence  pressure  or  force  to  use  and  the  choice  of  function  of  Reynolds  number  for  turbulent  fiow. 

iength  and  velocity  scaies  is  not  indicated  by  These  facts  suggest  that  the  use  of  surface- 

the  procedure  of  dimensional  analysis,  but  must  shear  stress  as  the  normalizing  quantity  wouid 

be  supplied  on  the  basis  of  additional  physical  remove  the  Reynolds  number  trend,  and  the 

information.  Furthermore,  for  relatively  com-  experience  of  most  workers  in  the  study  of 
plex  fiow  fieids  and  interactions  as  considered  near-field  boundary -layer  noise  (Kistier  and 

in  this  report,  it  Is  quite  possible  that  two  or  Chen  [111,  and  others)  confirms  this  fact.  How- 

more  parameters  are  involved  and  that  two  or  ever,  in  those  cases  where  strong  external  ef- 

more  length  scales  with  corresponding  dimen-  fects  (such  as  surface  discontinuities  and  shock 

slonless  groupings  are  required.  The  following  waves)  interfere  with  the  turbulent  boundary 
discussion  amplifies  these  points  and  presents  layer,  the  picture  must  be  drastically  modified, 

the  rationale  for  the  particular  choice  of  nor-  In  these  sirong-interactlon  cases  the  boundary- 

malizing  parameters  chosen  for  the  present  layer  assumptions  are  frequently  Invalid,  and 

investigation.  new  sources  of  fluctuating  pressure  production 

appear  in  the  form  of  pressure  gradients  and 

The  amplitude  scaling  of  the  pressure  the  large  eddy  structure  of  separated  fiows, 

fluctuations  is  more  easily  treated  than  the  shock- wave  pressure  fields,  and  similar  phe- 

frequency  scaling  and  is  discussed  first.  In  the  nomena.  In  these  complex  cases,  the  direct 

relatively  uncomplicated  case  of  an  attached  approach  consists  of  employing  the  free  -stream 

turbuient  boundary  layer,  the  process  of  turbu-  dynamic  pressure  q  as  the  normalizing  quan- 

lent  energy  transfer  from  the  energy  source,  tity  and  letting  the  resultant  magnitude  express 

the  mainstream  dynamic  head,  through  the  in-  the  fraction  of  available  kinetic  energy  which 

teraction  between  mean-flow  gradients  and  has  been  measured  as  a  surface  pressure  fluc- 

fluctuating  quantities  and  thence  to  soiid  sur-  tuation,  and  therefore  serve  as  an  indication  of 

face  shear-stress  dissipation  is  well  docu-  the  interaction  severity.  An  indication  of  the 

mented  in  such  works  as  Refs.  9  and  10.  Intui-  failure  of  wah-shear-stress  scaling  when  ap- 

tion  and  experience  indicate  that  either  the  pliedlo  these  more  complicated  phenomena  can 

readily  measured  free-stream-flow  dynamic  be  seen  from  the  case  of  separated  flow,  where 

pressure  (a  measure  of  the  available  energy)  the  wall-shear  stress  is  essentially  zero,  but 

or  the  laminar  sublayer  surface-shear  stress  larger  surface  pressure  fluctuations  have  been 

(a  good  measure  of  the  actual  turbulent  energy  measured  than  for  attached  flow  cases. 
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Therefore,  >i  scaling  was  selected  for  this 
study,  since  it  would  be  applicable  to  the  com¬ 
plex  interactions  found  therein. 

The  frequency  scaling  by  means  of  the  di¬ 
mensionless  grouping  <L  l’  (the  Strouhal  num¬ 
ber)  requires  that  a  reasonable  choice  be  made 
for  the  length  scale,  L,  and  the  velocity  scale, 

L\  Two  fairly  obvious  choices  for  length  scales 
are  a  characteristic  body  length  (such  as  body 
diameter  d)  or  the  thickness  of  a  fluid  shear 
zone  (the  boundary  layer  thickness,  ,  or  the 
width  of  a  wake).  The  body  scale  should  have  a 
connection  with  unsteady  phenomena  influenced 
by  the  potential  flow  field,  such  as  some  types 
of  shock  wave  oscillation,  while  the  width  of  a 
shear  zone  should  be  closely  connected  with  the 
scale  of  the  large  eddies  and  the  eddies  of 
greatest  energy.  The  body  scale  is,  of  course, 
easily  determined,  while  the  shear  zone  thick¬ 
ness  must  be  either  measured  or  calculated 
under  conditions  which  frequently  lead  to  con¬ 
siderable  doubt  as  to  the  accuracy  of  the  result. 
The  obvious  and  most  easily  determined  veloc¬ 
ity  is  that  of  the  free  stream,  while  arbitrarily 
defined  physical  velocities  (such  as  the  x  ve¬ 
locity  component  at  the  height  of  the  momentum 
thickness  of  a  boundary  layer)  or  arbitrary 
groupings  of  terms  having  the  dimensions  of 
velocity  (like  the  "friction  velocity,"  v  ) 

have  significance  in  certain  cases,  but  are  much 
less  readily  determined. 

Physical  dimensions  (body  diameter,  step 
height,  cavity  dimension,  etc.)  have  been  used 
with  success  in  some  strong-interaction  cases 
and  failed  in  others.  The  use  of  boundary -layer 
thickness,  together  with  free-stream  velocity, 
is  nearly  universal  in  reporting  fluctuations  in 
flat-plate  or  smooth-body  boundary -layer  cases. 

The  relationship  between  the  boundary - 
layer  thickness  and  x  distance  (proportional 
to  D  for  geometrically  similar  bodies)  for  fully 
turbulent  flat-plate  boundary  layers  is  expressed 
by  the  Blasius  relation: 


For  the  full-scale  flight  results,  the  appropri¬ 
ate  Reynolds  numbers  are  in  the  107  -  10s  range 
The  corresponding  model  Reynolds  number  is 
about  106.  The  relative  boundary-layer  thick¬ 
nesses  for  these  cases  are  shown: 


- 1 

\ 

(  '  J 

'V 

10' 

0.023 

1.00 

107 

0.0147 

0.G4 

10” 

0.0093 

0.40 

On  the  basis  of  these  figures,  the  values  of 
x  for  the  model  and  full-scale  vehicle  differ 
by  about  a  factor  of  2.  This  will  influence  the 
relative  Strouhal  number  as  follows: 


u 

m 


For  a  fixed  Strouhal  number  and  equal  fluid  ve¬ 
locities  in  each  case  (realized  in  practice),  the 
frequencies  are  related  as  follows: 


Thus  for  a  geometrically  similar  model,  the 
difference  between  model  and  full-scale  fre¬ 
quencies  scaled  on  the  basis  of  the  boundary 
layer  thickness  or  the  body  diameter  would 
differ  by  about  a  factor  of  2.  The  extended  no 
and  boundary -layer  trips  shift  the  effective 
origin  of  the  turbulent  boundary  layer  com¬ 
pared  to  a  smooth,  exact-scale  mode!.  It  i: 
estimated  that  the  latter  effect  will  tend  to  re¬ 
duce  slightly  the  aforementioned  factor  of  2. 

These  uncertainties  in  the  projier  frequency 
scaling  for  such  complex  interactions  as  those 
considered  here,  together  with  the  difficulty  of 
determining  the  boundary-layer  thickness  in 
this  experiment,  led  to  the  use  of  the  body  di¬ 
ameter  D  to  specify  the  Strouhal  number  ib  t . 

In  addition,  the  reported  energy  spectra  are 
nearly  flat  when  reported  in  terms  of  1/  3- 
octave -bandwidth  integration  intervals  of  the 
power  spectral  density  (the  latter  is  a 
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monotomcally  decreasing  function  of  frequent .) 
Therefore,  a  moderate  error  due  to  the  use  oi 
the  readily  measured  body  diameter  would  not 
have  a  serious  influence  on  the  practical  utility 
of  these  results. 

NOMENCLATURE 

c,  skin  friction  coefficient,  dimensionless 

an  sound  pressure  level  in  decibels  refer¬ 
enced  to  0.0002  ub«»r 

D  body  diameter  of  cylindrical  shell 

G!  i  i  power  spectral  density  as  a  function  of 
frequency  f  ((amplitude)2/ Hz) 

Hz  frequency  in  hertz  (cps) 

kHz  frequency  in  kilohertz  (kc/sec) 

M  Mach  number,  dimensionless 

p'(  t )  fluctuating  pressure  component  as  a 
function  of  time 

p'  mean  vaiue  of  the  fluctuating  pressure 

<1  dynamic  pressure  (,•  ’)  U2 

Re  Reynolds  number  UL  t 

r( ' )  correlation  coefficient  as  a  function  of 
tirrv'  lag  - 

SPL  sound  power  level  (db) 

St  Strouhal  number  ft)  l’  or  fL  r,  dimen¬ 
sionless  frequency 

T  time  interval 

t  time 

tj  discrete  sample  point  on  the  time  scale 
p  mean  fluid  velocity 
v*  friction  velocity  •f~ 

\  axial  coordinate 


boundary- layer  thickness 
fluid  density 
time  lag  =  t2  - 1  x 
„  wall  shear  stress 


MAJOR  STEPS  OF  DATA  ANALYSIS 

1.  Pressure  transducer  output  was  re¬ 
corded  on  two  oscilloscope  traces,  each  of 
0.5-msec  duration. 

2.  Scope  traces  were  photographed  and 
enlarged  to  11  in.  by  14  in. 

3.  Enlarged  traces  were  digitized  on 
OSCAR  machine  at  2-MHz  sampling  rate. 

4.  OSCAR  cards  were  fed  into  calibration 
and  trend-removal  program;  second-degree 
polynomial  least- squares  mean  trend  was 
removed. 

5.  Resultant  iluctuations  about  mean  spec¬ 
trally  analyzed  by  wave  analyzer  program. 

6.  Power  spectral  density,  (p7)2  per  cycle, 
was  converted  to  1/3-octave  band  energy  spec¬ 
trum  basis  by  integrating  over  each  bandwidth: 

<lbi  3 on  d,’cP,  ’  10  loRio  Af 

7.  Model  results  were  converted  to  full- 
scale  basis  by  q  scaling,  i.e.,  p1  q  =  constant 

Pn  Pf_ 

0m  'I  f 

and 


f  u  1  1  sc  a  I  e  m 

8.  Model  frequency  was  scaled  to  flight  re¬ 
sults  on  the  basis  of  body-diameter  Strouhal 
number  fP  l’.  Since  Um  i'f  and  Dn  l  30  D,, 
f ,  i  30  f  . 

1  m 
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DISCUSSION 


Mr.  Hughes  (Naval  Ordnance  Laboratory): 

Have  you  experienced  any  shock  sensitivity  of 
the  pressure  gages,  either  axial  or  transverse, 
which  could  possibly  pick  up  some  spurious 
noise? 

Mr.  Ross:  No.  These  were  special  gages 
developed  in  the  Aerospace  Corporation  labora¬ 
tory  for  use  in  high  shock  environments.  Tests 
were  made  with  the  transducers  mounted  both 
rigidly  in  the  model  and  suspended  in  the  com¬ 
pliant  mounting.  The  latter  mounting  was  em¬ 
ployed-  you  may  recall  some  white  circles 
around  the  black  dots  in  the  picture  of  the  model 
of  the  tunnel  when  I  pointed  out  the  transduc¬ 
ers  —these  were  silicone  inserts  which  were 
found  to  give  negligible  acceleration  effect. 

This  was  explored  in  some  detail,  not  only  with 
the  models  I  have  discussed  here,  but  also  with 
a  large  variety  of  other  transonic  buffet  and 
aerodynamic  noise  models  which  have  been 
tested. 

Mr.  Manning  (Bolt  Beranek  &  Newman): 

You  mentioned  toward  the  end  of  your  talk  that 
you  were  measuring  crcsscorrelation  in  the 
pressure  field.  Have  you  also  tried  to  measure 
the  sound  radiated  into  the  external  environment 
by  the  turbulent  boundary  layer? 

Mr.  Ross:  No.  not  in  this  particular  type 
of  test. 

Mr.  Mustain  (Douglas  Aircrall  Cc.).  As 
you  know,  a  similar  model  has  been  tested 
in  the  continuous  type  tunnels.  What  is  the 

•  * 


advantage  of  your  shock  tunnel  over  the  other 
type  of  tunnel?  Have  you  correlated  data  on 
one  model  tested  in  the  other  type  ol  tunnel  with 
your  type  of  measurements?  Is  yours  better  or 
is  theirs  better?  Yours  appears  to  be  good  with 
the  flight  measurements. 

Mr.  Ross:  This  is  a  good  question.  I  aid 
not  point  out  the  fact  that  this  type  of  test  can 
be  performed  more  rapidly  and  with  cheaper 
models.  For  one  thing,  the  temperature  prob¬ 
lems  for  the  model  and  transducer  are  greatly 
reduced.  Also,  it  is  possible  to  test  at  rather 
high  Mach  numbers  and  Reynolds  numbers  with 
much  less  expensive  equipment  than  the  contin¬ 
uous  flow  tunnel.  On  the  second  part  of  your 
question,  we  have  made  a  large  number  of  <ests 
with  modifications  of  the  models  you  have  seen 
here  and  special  models  which  are  precisely 
the  NASA  Ames  standard  test  bodies  that  have 
been  used  by  Charley  Cole  and  his  group.  We 
are  now  in  the  process  of  evaluating  the  results 
and  attempting  to  compare  them  with  Cole's 
results  to  see  if  we  get  good  correspondence 
between  continuous  flow  tests  and  the  short  du¬ 
ration  tests.  There  are  problems  in  each  re¬ 
gime,  The  continuous  How  test  has  the  problem 
of  the  noise  from  the  compressors  upstream 
being  converted  down  and  contaminating  the 
result,  and  we  have  problems  with  wave  reflec¬ 
tions  from  the  sides  and  also  the  rather  severe 
problems  in  data  reduction  and  instrumentation 
imposed  by  the  few  milliseconds  of  effective 
test  time  available.  This  question  is  being  in¬ 
vestigated  and  possibly  we  can  report  on  this  in 
the  near  future. 

* 
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IMPACT  TESTING  WITH  A  FOUR-INCH 
AIR  GUN  AND  LEAD  TARGETS 


Harry  J.  Davis 
Harry  Diamond  Laboratories 
Washington,  D.C. 


Fuzes  and  fuze  components  are  tested  for  ruggedness  at  the  Harry  Diamond  Laboratories  by 
mounting  them  in  projectiles  and  firing  them  from  an  air  gun  ir.m  lead  blocks.  An  evaluation 
of  this  method  of  testing  is  reported. 

The  air  gun  is  96  ft  long  and  has  a  4-in.  bore.  The  projectile  is  11  in.  long,  has  a  round  nose, 
and  with  a  standard  fuze  cargo  weighs  17.5  lb.  The  muzzle  velocity  of  this  projectile  ranges 
from  100  to  650  fps.  The  target  consists  of  3  to  10  lead  blocks,  each  of  which  is  6  by  8  by  1  in. 
The  deceleration  of  the  projectile  upon  striking  this  target  provides  the  test. 

The  analysis  depend  upon  two  years  of  accumulating  routine  test  data.  The  measured  quantity 
of  primary  interest  the  peak  acceleration  obtained  from  copper  bail  at  celerometers.  The 
advantages  and  dise  antages  of  copper  ball  accelerometers  are  presented.  These  measure¬ 
ments  indicate  that  structures  or  components  with  natural  frequencies  of  hundreds  of  hertz  ex¬ 
perience  5000  to  50,000  g.  Accelerations  of  the  order  of  hundreds  of  thousands  of  g's,  however, 
have  been  measured  at  natural  frequencies  greater  than  10  kHz.  Such  measurements  may  dif¬ 
fer  by  a  factor  of  2  at  different  points  within  the  projectile. 

The  air  gun  design  and  the  test  technique  are  discussed  briefly.  Target  penetration  phenomena 
are  also  discussed  since  they  provide  the  force  pulses  experienced  by  the  projectile.  The  usual 
law  which  assumes  a  constant  retarding  force  and  the  Poncelet  solid  penetration  law  are  ap¬ 
plied  to  the  present  study. 

It  is  concluded  that,  although  the  impact  test  is  a  convenient  and  inexpensive  means  of  subject¬ 
ing  fuzes  to  high  force  levels,  quantitative  interpretation  of  the  results  must  be  made  with 
caution. 


INTRODUCTION 

The  modern  ordnance  fuze  is  so  complex 
that  its  dynamic  response  to  impacts  cannot  be 
exactly  specified  by  theoretical  analysis. 
Therefore,  since  a  fuze  is  subjected  to  accel¬ 
erations  during  shipment  and  while  being  fired, 
its  dynamic  behavior  must  be  determined  ex¬ 
perimentally  before  it  can  be  treated  as  a  reli¬ 
able  part  of  a  weapons  system. 

Air  gun  techniques  have  long  been  used  by 
the  Harry  Diamond  Laboratories  (HDL)  to  shoot 
heavy  projectiles  containing  fuzes  into  lead 
targets,  resulting  in  high  decelerations  that  may 
cause  structural  failures  within  the  fuze.  These 
deficiencies  are  corrected  before  the  fuze  is 
field  tested.  This  paper  examines  the  phenom¬ 
ena  occurring  during  the  lead  impact  to  evalu¬ 
ate  the  shock  testing  performed. 


EXPERIMENTAL  APPARATUS 
AND  TECHNIQUE 

In  a  test,  the  shell  containing  the  fuze  is 
placed  in  the  breech  of  the  air  gun.  A  'ank  is 
filled  with  air  at  the  pressure  necessary  to 
achieve  the  desired  projectile  velocity.  This 
pressure  ranges  from  2  to  125  psig.  A  solenoid- 
operated  valve  connecting  the  gun  to  the  tank  is 
opened  and  the  shell  is  fired  through  a  96-ft- 
long.  4-in.-inner-diam  tube.  Further  details  of 
the  gun  are  given  in  Ref.  1. 

After  leaving  the  gun  the  shell  travels 
approximately  5  ft  and  hits  a  stack  of  6-in.  by 
8-in.  by  1-in.  lead  blocks,  which  deform  plasti¬ 
cally  while  decelerating  the  shell.  This  consti¬ 
tutes  the  impact  test.  When  setting  up  the  test, 
newly  set  blocks  are  pressed  together  by  hand 
and  no  attempt  is  made  to  fasten  them  down. 


219 


The  nose  of  the  sheli  is  usuaiiy  greased  or  oiied 
to  ease  removal  from  the  iead. 

A  typical  projectile  is  4  in.  in  diameter 
and  11  in.  iong.  It  weighs  16.3  lb  without  fuze 
cargo  and  is  nude  of  4140  steei.  There  are 
three  sections  screwed  together:  the  nose, 
cargo  section,  and  end  cap  (Fig.  1).  The  hemi¬ 
spheric  nose  constitutes  approximately  haif  of 
the  totai  weight  of  the  projectile.  The  nose 
shown  in  Fig.  1  has  a  2-in.  radius.  Cone-shaped 
and  flattened  noses  have  been  used  but  are  not 
discussed  because  of  insufficient  test  data.  The 
threaded  cargo-carrying  portion  of  the  vehicle 
is  integral  with  the  3/16-in.-thick  waiis  of  the 
cargo  or  test  specimen  section. 

The  measurements  routinely  made  in  the 
course  of  a  run  are  iisted  in  Table  1  with  an 
estimate  of  their  accuracy.  Experimental  data 
gathered  over  a  period  of  years  were  fitted  to 
the  function  X  cYn,  where  suitable  pairs  of 
quantities  listed  in  Table  1  could  be  substituted 
for  X  and  Y  (see  Nomenclature).  Some  of  the 
resuiting  relations  are  used  here,  while  others 
are  of  general  interest  in  air  gun  design  work. 
Details  of  the  fitting  technique  and  its  resuits 
are  given  in  Appendix  A  and  in  Tables  2  and  3. 

Severai  laws  are  described  in  the  litera¬ 
ture  in  connection  with  penetration  mechanics. 
The  impact  speed  and  penetration  depth  data 
gathered  in  HDL  air  gun  testing  were  fitted 
using  a  ieast-squares  technique  to  the  expres¬ 
sion  predicted  by  some  of  these  laws.  The  re¬ 
suits  (Appendix  B)  bear  on  the  evaluation  of  the 
4 -in.  air  gun  test  and  yleid  data  basic  to  pene¬ 
tration  phenomena. 


FORCES  ACTING  ON  THE  PRO¬ 
JECTILE  AND  TEST  SPECIMEN 

The  peak  g  impact -velocity  fit  described  in 
Appendix  A  for  17.5-lb  projectiles  is  plotted  in 
Fig.  2  for  the  three  different  copper  baii  accel¬ 
erometers  used.  It  can  be  seen  that  there  are 
three  distinct  curves  (solid  lines),  although  the 
reading  of  any  one  accelerometer  is  often  in¬ 
terpreted  as  being  indicative  of  the  peak  force 
acting  upon  the  system.  The  95  percent  confi¬ 
dence  limits  are  aiso  shown  in  Fig.  2  by  the 
broken  Unes.  The  broad  range  indicated  by  the 
confidence  limits  results  from  variations  In  the 
test  conditions  and  the  inaccuracy  of  the  copper 
baii  accelerometer  measurements.  As  dis¬ 
cussed  in  Appendix  C,  copper  ball  accelerome¬ 
ters  approximate  spring-mass  systems  whose 
response  depends  upon  the  ratio  of  the  naturai 
period  of  the  system  and  a  characteristic  time, 
usuaiiy  the  input  pulse  duratlor .  In  the  test, 
the  copper  bali  accelerometers  do  not  measure 
the  peak  of  the  driving  forces  acting  on  the 
accelerometer  bv  measure  the  response  of  the 
accelerometer  as  a  function  of  its  natural  pe¬ 
riod.  This  response  is  caiied  the  shock  spec¬ 
trum  of  the  system.  The  copper  bali  acceier- 
ometer  may  be  used,  then,  as  a  test  specimen 
whose  response  is  known,  at  least  to  the  limits 
described  in  Appendix  C. 

To  investigate  the  response  further,  a 
modei  8  copper  bail  accelerometer  [2]  was  ob¬ 
tained  from  the  U.S.  Naval  Ordnance  Laboratory. 
This  device  consists  of  nine  copper  balls  of 
different  masses,  and  prevides  a  group  of  peak¬ 
reading  accelerometers  with  natural  periods 
ranging  from  67.5  to  295  jusec,  i.e.,  natural 


Fig.  !.  Projectile  and  target  blocks  used  in  HDL  4-m.  air  gun 


220 


TABLE  1 

Air  Gun  Measurements 


Quantity 

Estimated 

Accuracy 

Remarks 

. 

Projectile  weight 

:0.25  lb 

Weight  estimate  usually  made  by  operator  of  gun 

Initial  gas  pressure 

±2  psi 

Bourdon  tube  gage 

Projectile  muzzle  velocity 

il% 

Light  screen  technique  [1] 

Peak  deceleration  force 

Unknown 

Model  1  copper  ball  accelerometer  [2| 

Peak  penetration  depth 

:0.25  in. 

Machinist’s  scale  inserted  in  craier 
(accuracy  better  in  shallow  penetrations) 

TABLE  2 

Empirical  Fit  of  Air  Gun  Data  to  Function  X  cYn 


»  =  17.5  lb; 

Shallow 

Penetration11 

t 

n 

= 460  psec 

D 

X 

Y 

C 

n 

n 

gpv 

P 

1.63 1  x  103 

0.610 

5.5  x  10- 2 

Si. 

vo 

3.791x10' 

1.012 

4.3x10- 2 

XM 

Gpk 

5.516  x  10‘ 5 

1.123 

6.3x10- 2 

XM 

vo 

1.656x10- 3 

1.267 

4.5  x  10'2 

vo 

p 

3.902x10' 

0.625 

4. Ox  10*s 

Gpk 

_ 

6.345  x  103 

0.738 

4.1  xlO*2 

»  =  23.0  lb 

=  340  psec 

C 

X 

Y 

C 

n 

n 

Gp« 

. 

P 

3.517  x  103 

0.451 

6.6xl0-2 

Gpv 

vo 

1.112  xlO2 

0.893 

1.3x10-* 

XM 

Gpi. 

2.275  x  10' 4 

0.977 

1.4x10-' 

XM 

vo 

1.821  x  10" 4 

1.705 

8.6X10’2 

vo 

p 

5.017  x  101 

0.491 

1.4  x  10"2 

Gpt 

XM 

1.036x10  4 

0.502 

7.2 x  10* 2 

Note.— Set*  Nomenclature;  pressure  in  pounds  per  square  inch, 
penetration  in  inches. 

D  2' 

"Velocity  range  =  81-276  fps;  number  qf  points  68. 

1  Velocity  range  =  267-422  fps;  number  of  points  =  52. 
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TABLE  3 

Empirical  Fit  of  Air  Gun  Data  to  Function 


— 

»  =  17.5 
lb 

.  _ 

«n 

460  Msec 

= 

340  m sec 

«n  = 

270  m sec 

X 

Y 

c 

n 

n 

C 

n 

n 

e  i 

.  -  .  _l 

n 

* 

. n 

°pk 

p 

1.22x10  3 

0.685 

2.7  x  10*2 

1.124x10* 

0.206 

3.5x  10'2 

1.600  xlO  3 

0.744 

- - - — 

4.2  xlO' 2 

Sk 

vo 

3.676 

1.421 

5.4xl0'2 

2.263  xlO2 

0.782 

9. lx  10' 2 

1.263 

1.684 

9.6  xlO' 2 

Cpk 

4.03x10  3 

3.0  x  10* 2 

1.830x10' 1 

0.316 

4.7  x  10' 2 

3.0  xlO' 2 

0.488 

3.5xl0'2 

xu 

vo 

6.4x10'* 

1.458 

2.7  x  10'2 

8.4x10'* 

1.414 

4.0x  10 ' 2 

7.86  xlO' 3 

1.054 

3.9  x  10'2 

vo 

p 

6.064 x 10 1 

0.478 

0.55  x  10* 1 

1.183  xlO2 

0.316 

1.1  x  10* 2 

7. 17  xlO1 

0.435 

o 

X 

*-* 

o 

K> 

GPW 

5.303x10  3 

3.78  xlO" 2 

1.436x10* 

0.400 

6.0X10*2 

3.956  xlO3 

1.422 

3.2xl0'2 

Velocity 

Range 

(fps) 

250-467 

355-505 

370-630 

No.  of 
Points 

336 

310 

88 

J 

Note.— See  Nomenclature;  pressure  in  pounds  per  square  inch,  penetration  in  inches. 


Fig.  2.  Peak  g  measured  at  projectile  nose  (and 
95  percent  confidence  limits)  vs  impact  velocity 
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frequencies  from  15,000  to  3400  Hz.  A  series 
of  runs  at  dilferent  velocities  was  made  using 
the  model  8  accelerometer,  and  the  results  for 
each  are  shown  in  Fig.  3  where  peak  accelera¬ 
tions  are  plotted  against  the  natural  period  and 
frequency  of  the  accelerometer.  The  projectile 
weighed  17.0  lb.  Also  shown  are  the  results  of 
cur  e  fitting  listed  in  Table  2.  determined  from 
the  model  1  accelerometer  data  (National  Bu¬ 
reau  of  Standards  calibration)  described  In 
Ref.  2. 

The  agreement  between  the  two  runs  made 
at  413  fps  speaks  well  for  the  precision  of  the 
measurement.  The  disagreement  between  the 
two  types  of  accelerometers  in  the  overlap  re¬ 
gion  of  the  400-fps  curves  amounts  to  10,000  g 
but  lies  within  the  precision  indicated  by  the 
confidence  limits  of  Fig.  2.  Within  these  limits 
the  difference  in  the  projectile  weights  (17.0  lb 
for  the  model  8  data  vs  a  nominal  17.5  lb  for 
the  fitted  data)  has  no  effect.  Figure  3  verifies 
the  fact  that  the  forces  expei  lenced  by  the  cop¬ 
per  ball  accelerometer  and  any  component 
tested  in  the  4-in.  air  gun  are  quite  sensitive  to 
the  component's  natural  period.  The  cause  of 
the  large  acceleration  levels  at  the  short  peri¬ 
ods  is  unknown;  but  it  may  be  the  ringing  of  the 
lose  and  projectile,  sharp  impulses  generated 
by  relative  motion  between  sections  of  the  pro¬ 
jectile,  or  sudden,  sharp  blows  experienced  by 
the  projectile  in  the  course  of  the  penetration 
process  or  the  rebound  into  the  catch  box  walls. 

The  copper  ball  data  in  the  previous  dis¬ 
cussion  were  taken  from  accelerometers 


mounted  on  the  nose.  A  series  oi  runs  was 
made  to  compare  these  data  with  data  taken 
from  copper  balls  mounted  In  the  cargo  section. 
Figure  4  shows  the  two  different  4 13 -fps  shock 
spectra  shown  in  Fig.  3  together  with  a  412-fps 
shock  spectrum  obtained  from  the  model  8  ac¬ 
celerometer  n.. 'unted  in  the  cargo  section.  At 
short  natural  periods,  the  readings  of  the  nose 
accelerometer  are  considerably  higher  than 
those  of  the  cargo  accelerometer,  and  at  longer 
periods,  the  readings  approach  each  other. 

To  determine  shell  response  for  periods 
longer  than  those  shown  In  Fig.  4,  model  1  cop¬ 
per  ball  accelerometers  were  placed  In  the  nose 
and  cargo  section.  In  addition,  the  total  number 
of  »ead  blocks  was  varied.  The  projectile 
weight  was  17.0  lb,  and  the  Impact  velocity  was 
kept  constant  at  300  fps.  The  results  are  shown 
in  Fig.  5.  It  can  be  seen  that  the  pe.lc  g's  ex¬ 
perienced  at  the  cargo  section  are  consistently 
higher  than  those  at  the  nose  section  It  is  1>.- 
ferred  that  the  trend  of  the  curves  in  Fig.  4 
continues  for  smaller  tn  ,  resulting  in  tne  re¬ 
versal  of  levels  experienced  at  the  shorter 
period. 

The  data  of  Fig.  5  indicate  that,  within  the 
limits  of  the  accuracy  and  the  range  of  blocks 
tested,  the  target  thickness  has  no  coislstent 
effect  on  the  peak  g  level.  A  statistical  corre¬ 
lation  of  the  17.5-lb  projectile  peak  g  with  tar¬ 
get  thickness,  however,  does  show  a  dependence. 
The  reason  for  the  change  in  g  levels  on  differ¬ 
ent  days  is  unknown.  The  resolution  of  these 
inconsistencies  depends  upon  mere  accurate 
measurements. 
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Ki^.  .i.  lJeak  g  for  different  imp.it  t  velocities 
measured  it  projectile  nose  vs  natural  period 
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Fig.  4.  Peak  g  measured  at  nose  and  at  cargo 
sections  as  a  (unction  of  natural  period  of 
accelerometer 


HUMBER  OF  BLOCKS 


Fig.  5.  Peak  g  measured  at  the  projectile 
nose  and  cargo  sections  as  a  function  of  the 
number  of  lead  target  blocks  (runs  A  and  B 
refer  to  sets  of  runs  made  on  different  days) 


SUMMARY  AND  CONCLUSIONS 

The  primary  measuring  instrument  used  in 
this  evaluation  study  was  the  copper  ball  accel¬ 
erometer.  The  data  generated  by  this  device 
must  be  questioned  when  they  are  used  in  such 
undefined  situations  as  previous  air  gun  impact 
tests. 

The  copper  ball  accelerometer  with  high 
natural  frequency  indicates  peak  accelerations 
up  to  200,000  g  (Fig.  3).  It  is  unlikely  that  the 
peak  retarding  force  offered  by  the  target  ma¬ 
teria'  has  this  magnitude.  The  accelerometer 
measurements  still  yield  valid  information, 
however,  if  they  are  interpreted  as  a  shock 
spectrum,  i.e.,  as  the  response  of  structural 
members.  The  deformation  of  the  copper  ball 
in  these  accelerometers  may  result  from  a 


pulse  of  extremely  higf  amplitude  and  short 
duration,  or  from  the  cumulative  effect  of  a 
number  of  low -amplitude  impulses.  Whichever 
the  cause,  the  response  is  a  complicated  one 
and  the  use  of  the  impact  test  for  high-frequency 
components  is  questionable.  The  center  of 
mass  of  the  projectile  and  its  cargo  follows  the 
trajectory  demanded  by  the  target's  retarding 
force.  The  difference  between  the  copper  ball 
accelerometer  readings  in  the  nose  and  in  the 
cargo  section  shows  that  the  structure  of  the 
projectile  significantly  affects  the  pulse  expe¬ 
rienced  by  the  test  specimen.  Various  theories 
were  applied  to  the  lead  target  penetration 
process;  the  measured  penetration  depth  and 
impact  velocity  are  compared  with  the  theoreti¬ 
cal  expressions  in  Appendix  B.  But  because 
none  of  these  theories  had  previously  been  ap¬ 
plied  to  the  penetration  of  lead  in  the  velocity 
range  under  study,  their  validity  is  unknown. 
Despite  this  uncertainty,  a  study  of  the  data  and 
various  comparisons  allows  the  drawing  or  the 
following  conclusions: 

1.  A  constant  pressure  model  evaluated 
with  the  assumption  of  shallow  penetration  pre¬ 
dicts  a  penetration  time  independent  of  impact 
velocity.  Without  the  shallow  penetration  ap¬ 
proximation.  this  model  would  predict  a  pene¬ 
tration  time  that  would  \avy  with  impact  veloc¬ 
ity.  Althougii  a  elosed-ferm  solution  to  this 
model  was  not  obtained,  ,t  deserves  further 
attention,  particularly  ir<  the  case  of  low- 
velocity  impacts. 

2.  The  Poncelet  equation,  widely  used  to 
predict  penetration  depths,  is  of  questionable 
value  since  peak  force  is  reached  at  the  instant 
the  projectile  contacts  the  target.  This  is  not 
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the  case  for  projectiles  with  blunt  noses  ({3 ], 
p.  306). 

3.  The  crude  assumption  of  a  constant 
force  is  widely  used  to  get  estimates  of  peak 
forces  in  impact  testing.  In  the  study  made 
here,  this  assumption  predicts  penetration  times 
(fig.  6)  and  peak  g's  (Fig.  7)  which  are  in  fair 
agreement  with  the  measured  penetration  times 
(Fig.  6)  and  the  peak  g's  measured  by  the  low- 
frequency  accelerometers  (Fig.  3). 

4.  The  penetration  time  is  an  insensitive 
measure  of  the  force  laws  described  here. 


NOMENCLATURE 
a  =  Acceleration 

A  s  Barrel  or  projectile  base  area 
D  =  Projectile  diameter 


k  =  Acceleration  due  to  gravity 

V  =  Peak  acceleration  expressed  in  multiples 
of  g 

r.  =  Length  of  barrel 
>n  =  I  rojectile  mass 

p  =  Dynamic  flow  pressure  of  target  material 
p0  =  Initial  driving  pressure  of  gas 
tM  =  Duration  of  pent'. nation  process 
tn  =  Natural  period  of  accelerometer 
T  =  Target  thickness 
v  =  Instantaneous  projectile  velocity 


»M(SCC1 


Fig.  6.  Penetration  time  calculated  for  various 
penetration  models  together  with  measurements 
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Fig.  7.  Peak  g  calculated  lor 
various  force  equations 


v0  *  Projectile  muzzle  velocity 
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Appendix  A 

FIT  OF  EXPERIMENTAL  DATA 


The  data  accumulated  in  4-ln.  air  gun  tests 
over  a  2-year  period  were  punched  on  cards 
and  computer  fitted  by  a  least-squares  tech¬ 
nique  to  curves  of  the  form  X  -  cYn.  The  actual 
fit  was  made  to  the  straight  line  formed  by  tak¬ 
ing  the  logarithm  of  the  above  expression. 

The  results  are  shown  in  Tables  2  and  3. 
The  number  of  points  used  in  each  fit  together 
with  th.  velocity  range  covered  by  the  data  are 


also  given.  The  results  of  the  fit  for  projectiles 
weighing  17.5  and  23.0  lb,  respectively,  are 
shown,  as  are  the  results  for  17.5-lb  projectiles 
which  penetrated  less  than  2  In.,  l.e.,  less  than 
the  radius  of  the  projectile's  nose.  The  stand¬ 
ard  17.5-lb  projectile  data  are  subdivided  into 
three  parts  in  Table  3  since  three  different 
copper  ball  accelerometers  were  used,  each 
with  Its  own  natural  period  as  shown  In  the 
table. 
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Appendix  B 

PENETRATION  PHENOMENA 


The  retarding  force  experienced  by  the 
projectile  is  determined  by  the  phenomena  en¬ 
countered  while  penetrating  the  lead  target. 
Since  there  were  no  dynamic  force  measure¬ 
ments,  the  available  data  were  used  to  gain 
some  insight  into  these  phenomena.  The  734 
experimentally  determined  penetration  depths 
for  the  17.5-lb  projectiles,  on  which  Tables  2 
and  3  are  based,  were  fitted  to  the  impact  ve¬ 
locity.  yielding 

x„  1.167  ■  10* 4  v,|  33  . 

where  xM  is  in  feet  and  v0  is  in  feet  per  second. 

The  value  of  1.33  for  the  exponent  of  v0  has 
been  noted  in  other  investigations  [4]  as  char¬ 
acteristic  of  relatively  low  velocity  penetra¬ 
tions.  The  observation  has  also  been  made  [4] 
ihat  the  exponent  tends  toward  values  less  tlian 
1.33  with  increasing  impact  velocity.  As  can  be 
seen  in  Tables  2  and  3,  the  fitted  data  show  this 
trend.  The  residual  of  this  fit  is  -0.7078,  the 
standard  deviation  of  the  residual  being 
2.76X10'7. 

The  number  of  lead  blocks  used  in  each 
run  is  varied  in  the  interests  of  economy.  The 
minimum  thickness  of  unpenetrated  target  is 
usually  more  than  0.5  in.  The  penetration- 
depth  vs  target -thickness  data  for  the  17.5-lb 
projectiles  already  discussed  were  fitted  to  a 
straight  line.  The  resulting  correlation  coeffi¬ 
cient  for  this  fit  was  0.86,  indicating  that  the 


penetration  dejith  is  dependent  upon  the  target 
thickness. 

Visual  inspection  of  the  craters  indicates 
that  the  spherical  nose  of  the  projectile  always 
matches  the  contour  of  the  crater  in  the  vicinity 
of  the  nose.  The  surface  of  this  part  of  the 
crater  is  smooth  and  bright  and  has  a  different 
appearance  from  that  of  the  after  part  of  the 
crater.  The  crater  diameter  at  the  surface  of 
entry  is  greater  than  the  diameter  of  the  pro¬ 
jectile,  the  diameter  at  the  entrance  of  a  6-1 72- 
in. -deep  crater  being  5-3/8  In.  These  effects 
can  be  seen  in  Fig.  B-l.  Table  3-1  gives  data 
pertinent  to  Fig.  B-l. 

The  jagged  lip  around  the  edge  of  the  crater 
(as  typified  by  those  of  Fig.  B-l  and  small  par¬ 
ticles  of  lead  on  the  catch  box  floor  indicate 
that  the  lead  flows  or  melts  during  the  penetra¬ 
tion  process.  The  surface  of  the  crater  ap¬ 
pears  to  be  a  very  thin  layer  of  lead,  which  may 
be  picked  off  in  strips.  This  can  also  be  seen 
in  Fig.  B-l. 

It  was  noted  after  a  series  of  shots  that 
tnere  was  a  flattening  of  the  projectile  nose. 

As  the  flattening  for  a  single  run  was  very 
slight  this  effect  was  ignored. 

These  observations  show  that  the  kinetic 
energy  of  the  projectile  is  being  dissipated  in 
several  ways:  the  plastic  deformation  of  the 
target  and  projectile  material,  the  melting  of 
the  target  material,  and  the  transmission  of 


t  ar-.? 


Fig.  B-l.  Target  craters  resulting  from  different  velocity  impacts 
(numbered  1-6  left  to  right;  see  Table  B-l) 
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TABLE  B-l 

Characteristics  of  Target  Blocks 


Fig.  B-l 
Target 
Number3 

V0 

(fps) 

N 

(in.) 

Number  of 
Lead  Blocks 
Used 

Diameter 
at  Entrance 
to  Crater 
(in.) 

Angle  of 
Climb 
(deg) 

1 

223 

1-1/2 

6 

3-7/8 

0 

2 

390 

4 

6 

4-1/2 

5-1/2 

3 

521 

4-3/4 

7 

4-7/8 

- 

4 

520 

5-1/2 

6 

4-7/8 

6-1/2 

5 

538 

6 

10 

5-3/8 

11-1/5 

6 

558 

5-1/8 

7 

- 

0 

aNumbercd  1-6  from  left  to  right. 


energy  to  far  parte  of  the  target  system  by 
various  typer  of  waves.  Although  it  is  reason¬ 
able  to  assume  that  the  predominant  dissipative 
mechanism  varies  with  the  kinetic  energy  of 
the  projectile,  an  attempt  was  made  to  find  a 
single  force  law  describing  the  penetration  of 
the  projectile  over  the  entire  velocity  range. 

One  approximate  assumption  was  that  the 
velocity  of  the  projectile  decays  linearly  as  it 
progresses  through  the  target,  when  the  retard¬ 
ing  force  is  constant.  Integrating  the  equation 
of  motion  using  x  =  0  and  x  -  v0  when  t  --  0 
and  applying  the  necessary  condition  that  x  -  0 
when  the  penetration  process  is  over  yields 


and 

tu  ,  ^  .  (B-2) 


tM  (,•)»  i tan '  [v/Tv°]  • 

(B-5) 

(S)pk 

(B-6) 

Another  law  assumes  that  the  force  acting 
on  the  projectile  depends  on  the  instantaneous 
velocity  raised  to  a  power.  Yielded  as  the 
equation  of  motion  is 

d2x  .  n 

m  -  -  -  b  v  . 

dt2 

(B-7) 

with  the  resu't  after  integration: 

m  (2-nl 

XM  (2-n)bv0 

(B-8) 

,  m 
'U  (1  -n)b  vo 

(B-9) 

The  Poncelet  equation  has  been  used  to 
express  penetration  processes  of  ordnance  ma¬ 
terial  since  the  early  19th  century  [5].  In  its 
classic  form  this  equation  of  motion  can  be 
expressed  as 


-m 


dJx 

dt2 


JL 


where  and  ,i  are  constants. 


(B-3) 


Integrating  and  using  the  same  initial  con¬ 
ditions  yields 


X 


ti 


(B-4) 


This  law  is  discussed  for  the  sake  of  com¬ 
pleteness,  a  velocity-dependent  law  of  this  na¬ 
ture  being  primarily  applicable  to  gases  and 
granular  solids  [5]. 

Using  the  xM  obtained  from  the  v0  fit  for 
the  17.5-lb  projectile  given  here,  the  accelera¬ 
tion  for  the  constant  force  law  was  evaluated 
using  Eq.  (B-l)  while  the  constants  for  the 
velocity-dependent  force  law  were  obtained  by 
equating  this  fit  to  Eq.  (B-8).  The  Poncelet  pre¬ 
dicted  depths  (Eq.  (B-4))  were  fitted  from  the 
original  17.5-lb  projectile  data.  The  constants 
resulting  from  these  fits  are: 
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F  bv" 

F  i  •  v1 

b  193  9 

8  SI*  10 

n  0  670 

0  628 

The  peak  forces  calculated  from  Eqs.  (B-l). 
(B-6),  and  (B-10)  are  shown  in  Fig.  7.  The 
peak  g  predicted  by  the  constant  force  law  is 
less  than  that  predicted  by  the  other  laws. 

Another  theory  used  to  describe  low- 
velocity  penetration  processes  assumes  that 
the  target  material  exerts  a  constant  dynamic 
flow  pressure  p  on  the  projectile  as  the  pene¬ 
tration  process  takes  place.  Although  a  highly 
speculative  assumption,  it  yields  interesting 
results.  The  equation  of  motion  for  a  round¬ 
nosed  projectile  becomes 

!H  -  p-'  (Dx  -  xJ) 

dt  3 

%  -  p~Dx 

The  last  step  is  an  approximation  valid  when 
x  <  D  2 .  Integrating  this  equation,  we  obtain 


xll  J  vo 

(*)'*■ 

(B-l  1) 

*»  ’  7  ( 

(B- 12) 

(*l  '  - 

(B— 13) 

Table  2  gives  data  for  68  points  where 

*«  D  2. 

The  average  pressure  obtained  from  these  data 
using  Eq.  (B-ll)  was  13,000  psi.  This  compares 
favorably  with  the  12,000-psl  figure  given  in 
Ref.  3  (p.  96).  It  also  agrees  with  the  13,000  psi 
obtained  by  McCarty  and  Carden  [6] ,  who  fitted 
peak  acceleration-impact  velocity  data;  how¬ 
ever,  their  fit  of  penetration  depth-impact  ve¬ 
locity  data  yielded  21,000  psi.  The  constant 
pressure  theory  as  developed  here  predicts  a 
penetration  time  independent  of  impact  velocity. 
This  time  is  0.82  msec  for  the  17.5-lb  projectile 
if  p  =  13,000  psi. 


A  measurement  of  the  penetration  time  was 
made  by  placing  a  commercial  strain  gage  on  a 
steel  block  behind  the  lead  target  blocks.  No 
attempt  was  made  to  interpret  the  strain  am  • 
plitude  obtained,  but  the  duration  is  believed  to 
be  close  to  the  projectile  deceleration  time. 

One  of  the  traces  is  sketched  as  the  insert  of 
Fig.  6.  Three  data  points  were  obtained  by  this 
means  and  are  shown  in  Fig.  6  together  with  the 
durations  predicted  by  constant -force,  velocity - 
dependent,  and  Poncelet- force  laws.  The  times 
predicted  by  the  first  two  laws  are  identical; 
indeed,  the  penetration  times  predicted  by  all 
three  laws  are  quite  similar.  However,  the 
fact  that  there  is  a  variation  in  penetration  time 
rules  against  the  constant-pressure  law. 

When  one  cut  open  various  target  blocks,  it 
was  shown  that  the  projectile  had  moved  away 
from  the  steel  tabie  as  it  moved  through  the 
target.  In  addition,  the  tops  of  the  blocks  were 
splayed  apart  but  the  bottoms  had  a  compressed 
appearance.  The  climbing  angle  was  measured 
by  taking  the  horizontal  distance  to  the  end  of 
the  crater  and  the  vertical  distance  from  the 
center  at  the  entrance  of  the  crater  to  the  cen¬ 
ter  of  the  crater  at  its  end.  These  angles  are 
listed  in  Table  B-l. 

The  effect  of  the  climbing  angle  on  the  final 
target -penetration  depth  is  believed  small  and 
was  ignored  in  this  analysis.  An  estimate  of 
the  transverse  forces  acting  on  the  projectile 
was  made,  using  an  expression  based  on  a 
constant -force  model 


where  y  is  the  measured  transverse  displace¬ 
ment  of  the  projectile  and  iM  is  the  time  dura¬ 
tion  of  the  corresponding  constant  force,  taken 
from  Fig.  6.  The  result  is  an  estimate  of  16.000 
to  20.000  peak  g  acting  transversely  on  the 
projectile  in  the  velocity  range  of  400  to  500  fps. 

Based  on  the  climbing  of  the  projectile  and 
the  assumption  that  the  nonsymmotrical  defor¬ 
mation  of  the  target  were  caused  by  wave  phe¬ 
nomena.  the  target  blocks  were  placed  on  rails, 
allowing  only  a  small  portion  of  the  target's 
bottom  surface  to  contact  the  steel  surface  of 
the  support  table.  The  climbing  and  nonsym¬ 
metry  were  eliminated.  Figure  B-l.  blocks  5 
and  6,  are  targets  used  with  and  without  rails. 
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Appendix  C 

COPPER  DALL  ACCELEROMETERS 


Copper  crusher  gages  have  been  in  use 
since  the  19th  century.  Intensive  development 
of  these  devices  took  place  during  and  a'ter  the 
world  wars.  Gages  have  been  designed  to 
measure  pressures  generated  by  waves  in 
underwater  explosions  [7]  and  pressures  gener¬ 
ated  In  artillery  weapon  firings  [8].  The  U.S. 
Navy  has  made  considerable  use  of  copper 
crusher  accelerometers  in  connection  with 
underwater  demolition  work.  The  series  of 
gages  developed  by  the  U.S.  Naval  Ordnance 
Laboratory  [2]  has  found  wide  acceptance. 

Figure  C  -1  is  a  schematic  of  the  essentials 
of  one  of  these  gages.  The  proof  mass  is  de¬ 
signed  so  that  it  may  be  varied.  The  radius  of 
the  surface  in  contact  with  the  copper  ball  is 
nominally  1-1/2  in.  The  crushed  element  is  an 
annealed  copper  ball  5/32  In.  In  diameter.  A 
rubber  sleeve  is  used  to  hold  the  ball  to  the  an¬ 
vil,  which  Is  rigidly  fixed  to  the  projectile.  In 
simple  models,  a  small  screw  is  made  finger - 
tight  behind  the  proof  mass  to  prevent  the  sys¬ 
tem  from  rattling  in  the  container.  Conceptu¬ 
ally,  this  gage  Is  taken  to  be  a  spring-mass 
system,  the  analogy  being  shown  in  Fig.  C-l. 


RESTRAINING 
CYLINDER 


RUBBER 

RESTRAINING 

S..EEVE 


Fig.  C-l.  Model  of  copper  ball 
accelerometer  and  spring-mass 
analogy 


The  plastic  deformation  taking  place  when 
the  mass  crushes  the  copper  ball  is  assumed  to 
be  linear  with  the  applied  force.  The  slope  of  a 
static  calibration  curve  then  yields  the  spring 
constant  k .  This,  together  with  the  proof  mass, 
yields  the  natural  frequency  fn  of  the  gage.  To 
obtain  the  peak  forces  acting  on  the  system,  the 
deformation  of  the  ball  is  obtained  by  measuring 
the  diameter  of  the  ball  before  and  after  the  run. 
Then  using  the  expressions 

F  '  —  •  kX 

’"Dynamic  m  ‘’Dynamic  ^  ‘’Dynamic  ^Dynamic  ‘ 

we  obtain 


JPyn 


T  —  X 

g  w  Dyn a 


where 

» '  =  weight  of  proof  mass 
m'  =  proof  mass. 

Note  that 


Cynami c 


F  Y 

Static  ^Dynami  c 

W  XSt.tic 


and  therefore  the  measured  Gpk  is  proportional 
to  the  displacement  response  normally  obtained 
from  a  shock  spectrum  analysis. 

The  copper  ball  accelerometer  has  the  ad¬ 
vantages  that  it  is  rugged  and  capable  of  meas¬ 
uring  peak  forces  in  the  range  of  hundreds  of 
thousands  of  g’s.  It  Is  a  highly  reliable  Instru¬ 
ment  in  that  it  seldom  fails  to  operate,  and  it  is 
relatively  inexpensive  to  build  and  use. 

One  of  the  disadvantages  of  the  copper  ball 
accelerometer  is  that  the  static  force- 
deformation  curve  is  nonlinear,  as  seen  from 
Fig.  C-2.  Calibration  curves  of  four  different 
batches  of  5/32-in.  balls  are  shown:  one  from 
the  Harry  Diamond  Laboratories  (HDL);  one 
from  the  National  Bureau  of  Standards  (NBS); 
and  two  from  the  Naval  Ordnance  Laboratory 
(NOL)  —  curve  (1)  from  Ref.  2  and  curve  (2) 
from  the  slowest  applied  force  curve  in  Ref.  9. 
Drawing  straight  lines  through  these  curves 
decreases  the  accuracy  of  measurement,  but 
the  nonlinearity  is  slight,  particularly  when  the 
deformation  of  the  ball  is  kept  small. 

Another  disadvantage  is  that  copper  is  a 
rate-sensitive  material;  i.e.,  its  final  deforma¬ 
tion  is  a  function  of  the  rate  at  which  the  de¬ 
forming  force  is  applied.  Accurate  copper  ball 
accelerometer  measurements,  then,  should  take 
note  of  the  rate  of  application  of  the  force. 
Determining  this  rate  is  very  difficult.  Some 
work  on  this  problem  has  been  done  at  the  Naval 
Ordnance  Laboratory  [S,  101  and  additional  work 
is  planned.  Present  estimates  show  static 
calibration  curves  to  be  40  percent  lower  than 
dynamic  curves;  slopes  vary  by  15  percent. 

An  often-neglected  characteristic  of  the 
copper  ball  accelerometer  is  its  natural 
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Fig.  C-2.  Copper  ball  static  calibration  curves 
(bali  diameter,  5/32  in.) 


frequency.  The  maximum  amplitude  of  its  re¬ 
sponse,  as  shown  by  the  shock  spectrum  of  a 
spring-rnass  system,  is  dependent  upon  this 
natural  frequency.  This  characteristic  can  be 
used  to  advantage  when  several  copper  ball 
gages  with  dHferent  natural  frequencies  are 
used  together.  The  resulting  deformation  can 
be  plotted  as  a  function  of  the  natural  frequen¬ 
cies  to  obtain  the  shock  spectrum  of  the  system. 

Multiple  shocks  acting  upon  a  copper  ball 
accelerometer  will  cumulatively  deform  the 


copper  ball.  Large  errors  can  result  if  the 
duration  or  repetition  times  of  the  shocks  are 
comparable  to  the  natural  period  of  the  accel¬ 
erometer.  This  situation  can  be  overcome  by 
using  restraints  that  fall  into  place  during  the 
application  of  the  force.  The  design  of  such 
devices  is  discussed  in  Ref.  2.  Information 
useful  in  design  work  can  be  obtained  from 
copper  ball  accelerometers  even  in  this  situa¬ 
tion,  particularly  if  a  shock  spectrum  is  gener 
ated  by  the  means  described  in  the  preceding 
paragraph. 
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